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Solutions of H»,O,'*'* in water highly enriched in O' were irradiated with x rays and protons. The effects 
_ of H,O2 concentration, PH, bromide and nitrite ions, on the yield of the isotopic species H»O2'*48 and H2Oz'8-", 
were investigated. The ‘‘molecular’’ H»Qy is formed with a G value of 0.3 in neutral solutions. The formation 


of H.O,'* is attributed to the attack of O'8H radicals on H.O,'*'®, The evolved O.!*18 


may be regarded as a 


product of a parallel reaction. The yield of O.'*"8 is dependent on an exchange reaction between HO, and 
H2O2. Specific effects due to added NO.- and high concentrations of Br~ are discussed. 


O*; of the fundamental questions in the radiation 
chemistry of aqueous solutions is the mode of 
formation of the so-called “molecular products” HO, 
and He.! The question, whether these are formed as 
the result of the interaction of the primary radicals H 
and OH produced in reaction (1) 


HOH—H-+0OH (1) 
by the reactions 


H+H—-H, (2) 
OH+OH—H,0:2, (3) 


or alternatively, whether at least part of these ‘“‘molecu- 
lar products” are formed through another distinct 
mechanism,’ still remains open. Such an alternative 
process may be the interaction of excited water mole- 
cules, H,O*, with normal ones, 


H,0*+ H,O—-H,0,+ He. (4) 


In the first case, in the presence of radical capturing 
agents, the molecular products would correspond 
merely to that portion of the radicals which the added 
scavengers failed to capture from inside the tracks. In 
the second, one may expect radical scavengers to in- 
fluence at least part of the molecular products in a 
manner which would be significantly different from 
1A. O. Allen, Discussions Faraday Soc. 12, 79 (1952). 


2P. Kelley, T. Rigg, and J. Weiss, Chem. & Ind. (London) 
1954, 129 


their effects on the products of radical precursors. 
Since the discovery of the molecular products, by 
Allen, decisive evidence could not be obtained in favor 
of a distinct molecular mechanism, though evidence 
from the isotope fractionation effect on the He evolved, 
supported it.?? Recently Mahlman‘ obtained evi- 
dence showing that part of the Hz originates in a 
distinct molecular process. 

In the present paper we present our experimental 
results on the radiolysis of water solution in which the 
oxygen of the water was almost wholly O'%. To this 
water, up to 3M HO: was added, the oxygen of which 
was almost wholly O'*; H,O2 does not appreciably ex- 
change its oxygen with water and acts, consequently, 
both as a scavenger and as a carrier for HO originat- 
ing from the irradiated system. The high concentration 
of H,O,"*"* added, protected the relatively small 
amount of hydrogen peroxide formed during irradia- 
tion, so that the isotopic composition and the quantity 
of species such as H,O,'$18 and H,O,'*'* (scrambled 
hydrogen peroxide) thus formed could be determined. 
The effects of other scavengers, such as Br~ or NO. on 
the formation of H.O.!%5 and H.O.'*!8 were then fol- 
lowed. The isotopic composition of the O: formed 
during irradiation and the utilization of Os, initially 


$J. Jortner and G. Stein, 
Isotopes 7, 198 (1960). 
‘H. A. Mahiman, J. Chem. Phys. 31, 993 (1959) 
5H. A. MahlIman, J. Chem. Phys. 32, 601 (1960). 
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704 ANBAR, 
present, for the formation of H2O2 could also be deter- 
mined. The high isotopic purity of the HO" used, was 
essential in obtaining clear-cut results as it enabled us 
to distinguish between H,O,'*'* originating from the 
water alone and H,O,'*'* originating both from HO, 
and the solvent. 

Others have used similar isotope techniques previ- 
ously. Thus Hart, Gordon, and Hutchison® investi- 
gated the O'O!8-H,O'* exchange in water, and the 
formation’ of H,O, in H,O" in the presence of O80". 
Backhurst, Johnson, Scholes, and Weiss® used water 
enriched in O'8 to elucidate the problem of molecular 
H,O, formation. The use of highly enriched H,O'* 
enables us to extend the work of these authors. 


EXPERIMENTAL 


Materials 


The O* labeled water was between 92-97 atom % 
O'’, obtained from the Isotope Distillation Plant of 
the Weizmann Institute, Rehovoth. It contained prac- 
tically 100 atom % deuterium and was thus nearly 
pure D,O'’. To simplify formulas we shall refer to this 
water as H,O'8. The H2O2 was Fisher’s 50% (stabilized 
with phosphoric acid) and Merck’s Perhydrol 30% (free 
of stabilizer). Identical results were obtained with both 
reagents. The O,!§'8 was obtained by alkaline elec- 
trolysis with Pt electrodes of enriched water and was 
95 atom % O'8. The various pH values were obtained 
by using BDH 100% phosphoric acid, Merck’s ana- 
lytical quality anhydrous KH2PO,, Baker’s Analyzed 
anhydrous Na;PO,, Baker’s Analyzed hydrated Na2- 
B,O;, which was desiccated to the anhydrous solid by 
drying at 70°C in vacuum, Baker’s Analyzed NaOH 
and BDH Analar H.SO,, NaBr was Baker’s Analyzed. 
The pH values were determined by a METROHM 
type El48&c instrument using a type U combined micro- 
electrode, which has a minimal error in alkaline solu- 


tions 


Irradiations 


-Irradiations were carried out using a G.E. Maximar 
x-ray set of 200 kVp, 0.5 and 1-ml samples were used in 
sealed Pyrex glass ampules fitted with breakoff tips. To 
minimize thermal decomposition the ampules were 
cleaned before use by soaking for 24 hr in concentrated 
Analar HNOs, followed by soaking and a large number 
of rinsings in triple distilled water, then drying in a 
vacuum oven at 70°C. The dose rate was 1.1 10* rad/ 
min“ (6.910 ev/ml-'/min~). Identical control 
samples were treated at all stages of the procedure, 
except for the irradiation. 


®E. J. Hart, S. Gordon, 
Soc 75, 6165 (1953). 
E. q: Hart, S. Gordon, 
52, 570 (1955 
§ J. D. Backhurst, G. R. 
Nature 183, 176 (1959). 


and D. A. Hutchison, J. Am. Chem. 


and D. A. Hutchison, J. chim. phys. 


\ Johnsor G. Scholes, and y. Weiss, 


GUTTMANN, 


AND STEIN 

Proton irradiations were carried out in Teflon ir- 
radiation cells with polyethylene windows of 1.6 mg/ 
cm? thickness containing 0.5 ml of solution. Unevacu- 
ated solutions were used, which were freed of dissolved 
air by passing helium through the solution; 2.3-Mev 
protons generated by a Van de Graaff accelerator were 
used, emitted through a quartz window of 0.1 mg/cm’. 
At an effective energy of 1.5 Mev absorbed in the solu- 
tion, 10-60 wamp sec were delivered during 1.5 to 3 
min. Thus, approximately 2—9X 10” ev were absorbed 
per sample. In these experiments only the isotopic 
composition of the H,O2 was determined. 


Analysis 


After irradiation, the irradiated and unirradiated 
samples, respectively, were opened in a vacuum by 
breaking the seal with a magnetic hammer. The 
quantity of O. evolved was determined. It was then 
sealed into a separate ampule for mass spectrometric 
analysis. In an aliquot of the solution the H,O, con- 
centration was determined iodometrically. The re- 
mainder was decomposed in a vacuum system over Pt 
black. The evolved oxygen in this procedure comes 
only from the H,O, and there is no induced oxygen ex- 
change between differently labeled H,O2 molecules 
during the decomposition.’ The quantity of evolved O:2 
was determined and the gas sealed into a separate 
ampule for mass spectrometry. The mass spectrometric 
analysis was performed on a CEC model 21-401 mass 
spectrometer. In our case the isotopic abundance was 
determined for each of the different masses 32 to 36. 
Masses 28 (No) and 40 (A) were determined to check 
for air contamination. Each value of isotope analysis 
reported is the average of 2-4 separate experiments. 

In all experiments ordinary H,O, was used, in which 
the natural abundance of O'8 is 0.2 atom %. Oxygen 
originating from ordinary H.O, contained consequently, 
0.4% of O%0'8; O8O'8 due to natural abundance has 
only the negligible value of 4X%10-*%. The H,O"* used 
by us contained 3 to 8 atom % of O"*, and consequently 
O» originating from water contained 6 to 16% of O%O'8, 
and only of the order of 0.35% O'0"*. Allowance for 
these factors was made in all our calculations. 


RESULTS 


Irradiations With X-rays 


Effect of Varying pH 

With HO," as the only added scavenger present, 
the pH was varied. All solutions were initially free of 
Os». The results of the experiments in the presence of 
1M H.O, added initially, are summarized in Table I. 
The contribution of the thermal decomposition was 
large, especially around pH 12, where, as Erdey" has 
shown, its velocity shows a marked maximum. How- 


9M. Anbar (to be published). 
101, Erdey, Acta Chim. Acad. Sci. Hung. 3, 95 (1953). 
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TABLE I. H20,'*.'8 solution in H,O8 (95% O'8) irradiated by 200-kev x rays. 
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TABLE IT. Effect of HO: concentration on radiation yields (x rays). 
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ever, as this yields only O,"*'® originating from H2O»2 
alone, the yield of O,'*'8 and O,!8-'8 containing oxygen 
originating from the water (evolved through radiolysis) 
could be accurately determined. The results include, in 
addition to the absolute values of Gy,0,!8"8 and 
Gy.0,''8 also R, the ratio of these values from the 
same experiment; R will be less affected by variations 
in total dose and concentration between different ex- 
periments, than the absolute G values will be. Our ex- 
periments were carried out at temperatures between 
25° and 35°C. Changes in temperature had consider- 
able effect on the thermal decomposition, which has an 
activation energy" of 12-13 kcal/mole, but only a very 
small effect on the radiolysis (activation energy" of the 
order of 2-3 kcal/mole). 

It may be seen from Table I that the change in the 
total dose of irradiation by a factor of four had little 
effect on the Gy,0,!*8 and Gy.o,!*". 

In the pH dependence of the yield of H:O."*'* the 
experimental scatter is large in the alkaline region. 
~ 1V, Y. Chernikh, S. Y. Pshzhetsky, and G. S. Tyurikov, 
Trans. All-Union Conf. Rad. Chem. Moscow, 1958, p. 48. 


However, when using these results together with those 
for the pH dependence of the yield of H,0."*"’, Fig. 1 
is obtained showing R, in which errors are largely 
canceled out. In the acid and neutral region the results 
are also much more consistent for the separate G values 
as well. The results show that Gy,o0,!88 and Gyio,!*8 
as well as their ratio R, are nearly constant throughout 
the acid and neutral pH region, but are very signifi- 
cantly affected in a dissimilar manner as the fH rises 
above 9. 

In Fig. 2 the pH dependence of the yield of O,"° 1% 
evolved during irradiation is shown. The yield of 
O,!8-18 is more than an order of magnitude smaller than 
that of O.!6!8, and the results are thus not accurate. 
On the other hand, the vield of O-"*'8 shows a signifi- 
cant decrease at pH 2-3 and a further decrease at 
pH 9-10, 


Effect of Varying HxO2 Concentration 


The H.Os> is itself a scavenger for both the H and OH 
radicals. Its reaction with HO’ may yield part or all 
of the H.O.'*!8 observed. In order to ascertain the role 
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2 2 14 pH 


Fic. 1. The effect of pH on the ratio between the yield of 
H.O,'8.!8 and H2O,!%8, R= Gyeoo!8:8/Groo.'* 8 [@ = (no) fadded 
ions; O=Br~ added; X=NO,. added]. 


of HO. as a scavenger, and its role in the processes 
leading to O» evolution, the experiments reported in 
Table II were carried out, at varying initial HO. con- 
centrations and at constant pH values, one in the 
alkaline region. The results are shown in Fig. 3. 


Effect of Added Br-—-Cl--SO¢*, Rbt*, and Cs* 


Bromide ions react efficiently with OH radicals, ac- 
cording to 


OH+ Br—OH—+ Br, (5) 


to elucidate some 
aspects of the reaction mechanism in the radiolysis of 
aqueous solutions. Owing to its high atomic number, 
the radiation dose absorbed in bromide-containing 
solutions will be higher. This effect may be approxi- 
mately imitated by adding Rb* instead of Br~ as the 
heavy ion; Rb*+ will not act as a scavenger for OH 
radicals, and its main effect (apart from general ionic 
effects on reaction rates) will be due to its high atomic 
number. The differential effect between Br-- and Rbt*- 
containing solutions may be attributed to the specific 
effects of Br~ as an easily ionized negative ion and as a 
radical scavenger for OH. The results are shown in 
Table IIIa and b, showing the effect of Rbt, Cst, Cl-, 
SO; as well as of Br~ ions are under various conditions, 
so that the specific effects due to each can be observed. 
In Fig. 1 the effect of Br~ on R is shown. 


and have been used previously’ 


4 6 8 12 14 pH 
2. The effect of pH on the radiation yield of O,'*-" 


2 T. J. Sworski, J. Am. Chem. Soc. 76, 4687 (1954). 
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Effect of Added NO>- 


While Br is an excellent scavenger for OH radicals, 
its high atomic number and specific chemical nature 
introduce new effects when it is used in higher concen- 
trations. These effects are most useful in revealing new 
aspects of the reactions involved, as we shall discuss 
further. However, to interpret them it is desirable to be 
able to attribute the various effects to the right cause. 
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Fic. 3. The effect of HO, concentration on the radiation yield 
of H20,'*-8, H,O,"*8 and on their ratio, (a) x rays at pH=1.6— 
1.9, O =Gupo,!*8, @=GCu,"", (b) xX YFays at pH=13, 
O =Gryo;*", @=Grwo.""8, (c) R=Guwo;'*!8/Gro,'8, a=x 
rays at pH=1.6—1.9, A=x rays at pH=13, X=protons at 
pH=1.0. 


With ‘this in view, added NO; ions were used as 
scavengers. These react according to 


OH+NO,-—>OH-+NOz, (6) 


also eliminating OH radicals from solution; NO2 is not 
of high atomic number and will not change the ab- 
sorbed dose significantly. The chemical nature of the 
product NO; causes new chemical effects, dissimilar to 
those observed with Br-. The results are shown in 
Table IV. 


Irradiations in the Presence of O,'*:'® 


It was found that if mixtures of dry O,'*!* and 
O.'*8 are irradiated with x rays, complete isotopic 
equilibrium is obtained when the gas, at total pressures 
of the order of 20 mm is placed in an ampule, in the 
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TABLE IIa. H2O,'*'* solutions in H,O"* (95% O'8) in presence of bromide ions irradiated by 200-kev x rays. 


Pa Guo,'®"* 
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Br H,0, 
mole/liter mole/liter 


1.0 0.73 
1.0 0.80 
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0.3 0.84 
0.1 0.72 
0 0.75 
0 0.72 
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TABLE IIIb. The effect of various ions on Gy,o,'*"8 and Gy,o,'*"* (concentrations in mole/liter). 


[HO] {Br-] [Cl-] 18,18 16,18 


{Na*] 


[Rb*] 


[Cs*] [SO.7] 


Grex yo Gree do 


0 0 0 0 0 0.48 
0 0 0 P 0.44 
1 0 0 ; 0.37 
Fs Bi 0 .52 


0 0 0 54 
0 0 0 ; 18 
0 1. 0 42 


0 0 0 .19 
0 0 0 2.0 45 
0 0 1. : 0 61 


TABLE IV. H,0,'*6 solutions irradiated by presence of 0.2M NaNO: in H2O'8 (95% O08) by 200-kev x rays. 
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field of radiation in which aqueous solutions under the _ the liquid phase. The radiation induced exchange be- 


same condition would have received a dose of 0.3M 
rad. If however, some water is present in the ampule, 
no equilibrium could be detected after the same dose, 
or after a sixfold increase in the dose. Thus, it seems 
that water vapor effectively breaks the chains carried 
by O atoms and ozone which are responsible for the 
high rate of radiation-induced exchange in dry gas. 
Thanks to this effect it is possible in our case to follow 
the extent of change in isotopic composition, introduced 
into the gas through radiation chemical reactions in 


tween O,'*!8 initially added, with H;0,"*"* in H,O"% 
solution was investigated. The results are presented in 
Table V. 


Irradiations with Protons 


Using protons instead of x rays as the ionizing radia- 
tions, we are able to observe the effect of changing LET 
on the different products, and the effects of various 
additives and pH on these yields. The results are sum- 
marized in Table VI. 
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PABLE V. Radiation induced exchange of O2 with H.O2 (phosphate 
buffered solutions of H.O,"*!6 in H,O" in presence of O'8+!8), 


Dose M ra 
pH 

H2O:2 initia 
H.Osz final 

Os initial 1 

Os initial uw n 
Oy final uw mole 


1.0 ? a 
af 12.0 
0.74 
0.26 
200 
200 


2.0 

12.0 
0.74 
0.14 
200 
200 
289 


1.0 

0.98 
240 
120 


123 


HO: isotopi 


Q.'8.18 correct 


O.'618 scrambled 


0.007 0.163 
| 0.012 0.02 
Yield H.O,'8.18 0.07 p 1.56 
Yield H.O." 0.12 0.22 
Greo.'8 18 2 0.81 


Gyo." 
1 HO 


Irradiation with a Tesla Discharge 


In an attempt to see whether the ratio between ex- 
citation and radical production from water, can be 
influenced, some experiments were carried out in which 
1M H,0.'*.® solutions in H,O'* were exposed to the dis- 
charge from a Tesla coil. The solutions containing air, 
were in cylindrical glass cells with thin Mylar windows 
at both ends. The cells were placed between a flat 
copper electrode fitted to the top of the Tesla coil and 
a similar earthed one. The results are shown in Table 
VII. 


DISCUSSION 


The use of almost pure H.O' enables us to extend 
the work of previous investigators in this field, since 
the system may be studied in the presence of very large 
amounts of added H,0,'*"*, Hydrogen peroxide does 
not exchange appreciably with H,O'%, the upper limit 
of exchange in alkali being f: 10’ sec, and in acid 4; 108 
sec.’ Since hydrogen peroxide reacts with the radiation 
produced intermediates, 


H.O..+H—H,.0+ HO 


H,0.+OH—H,0+ HO, 
it protects the small amount of H.O. formed through 
radiolysis, replacing them by the less reactive HO» 
radicals. The presence of high concentrations of H2O» 
will also prevent the exchange of OH radicals with 
water. Reactions (7) and (8) are schematic only, since 
the actual nature of the reacting species depends on 
the pH. 

The HOz radical itself dissociates into Ht and O--, 
its pK being” about 3. Of significance also is the pH 
dependence of H.O, itself,“ with a pK of 12 and of the 


13 N. Uri, Chem. Revs. 50, 375 (1952). 
4W. C. Schumb, C. N. Satterfield, and R. L. 
Hydrogen Peroxide (Reinhold Publishing C 


York, 1955), p. 392 (pK: 11.75). 
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OH radical, the pK of which is 79. The pH-dependent 
reactions of H and its equivalents will influence the 
total decomposition of H,O., but will not directly in- 
fluence the isotopic composition of the H,O» formed. 
The results in Table I show that in the presence of 
1M H.O, both H.O.!*48 and H.O.!*:!8 are formed with 
G values which are of the same order of magnitude. Let 
us assume that H.O,'*'8 may be formed in two proc- 
esses, a molecular process, for example, reaction (4), 
with the appropriate isotope labeling, 
H.O!**+ H,.O'8—H.0.!8 18+ Ho, (4a) 
and in a radical recombination process, 
HO8+ HO8—>H.0.!8.18, (3: 


In acid solutions the yield of H.O,!*:!8 is not reduced 
below a constant limiting value of g=0.3 by increasing 
HO. from 1M to 3M. Under these conditions HeO.!*!8 
does not continue to grow above a constant value, 
which implies that all OH radicals formed, are cap- 
tured by H,02. If reaction (3a) does occur at all under 
these conditions, at least a constant portion of the 
HO® radicals appear to be unusually and unexplicably 
inaccessible. The results appear to favor a reaction 
like (4a). 

Regarding the formation of H».O.!*'8, several possi- 
bilities exist. One of these would be the existence of a 
reaction in which OH radicals enter a displacement re- 
action with H»Os, according to 

OH-++ HO'’— O"H—-HO!— O'H+ OH". (9) 
The likelihood of such a process is considerable and our 
isotope technique permits us to determine its extent 
when it occurs in competition with reaction (8), which 
gives a net decomposition with or without isotopic 
exchange. If we assume Gon~3, about 10% of allOH 
radicals will react according to reaction (9). 

There is also the possibility that part of the H,O.'*:'% 
is due to the “molecular” reactions, 


H.0'8* + HO," 85—>H.0,'6 184+ HO (10a) 


H.O.'616*+4- H.0'8—H,0.!* 18+ HO, (10b) 
The extent of these reactions, if they do occur at all 
cannot be estimated at this stage. 

Regarding the pH dependence of the yield of H,O,'* "8 
and H,O,'*'8, we see that this is almost unaffected by 
changes in pH between PH=0.5 and pH=9. Above 
pH=9, Guyo,"*'® begins to decrease, Gr.o,'*'% to in- 
crease. We have no definite proof for any mechanism 
to account for this, but can suggest likely causes. 

First, the two processes may be interconnected, and 
above PH=9, H,O* the excited water molecule, may 
yield more OH radicals than HO, via reaction (4a). 
This may be due to the dissociation constant of H,O* 
which may be higher than that of normal H,O. A 
change of the dissociation constant with excitation has 
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TABLE VI. H.O,!®'* solutions in H,O"* (93% 08) irradiated by 1.95 mev protons; window absorption, —0.45 mev, energy dose 


HO» 


mole/liter 


Ions 
mole/liter 


Dose 
Ion added 


oO 


.19 So," el 9 
54 so," 21 9 
.14 Cr ky 0 9 
.28 SO," A 9 
.20 Cl-K* 0 9 
.18 Cr-Cst 0 9 
18 Br- Na* 4 9 
my Br~ Na* 0 9 
18 HePO, Na* 1 1 
80 Br~ Na* 0 1 
20 HPO; Na‘ 1 9 
22 H2PO;- Na 1 9 
18 NO; Na* 3 

20 OH-Nat 1 

26 OH” Na* 1 
2 OH- Nat 0 
25 NO;- Na 2 
98 Br~ Na* 


eee en ee 


" Experiments at tenfo 


been postulated previously.!® Alternatively, reaction of 
H.O* with OH~ ions may lead to a similar effect if it 
results in a catalysed formation of H+OH radicals. 
We have no independent support for these suggestions. 

The two effects may also be due to independent 
causes, thus the increase of Gy,0,'°'* may be due to the 
fact that above pH=9, OH dissociates into O~ and 
H+; OH radicals will mainly decompose HO: accord- 
ing to (8), and only partly react as in (9). For O~ the 
likelihood of hydrogen abstraction from HO. will be 
less, and displacement of OH, or its equivalent from 
the molecule, easier. This would require that as Gy,0,'* "8 
increases, the total decomposition of H,O, should de- 
crease, which indeed appears to be true. We are en- 
gaged'® on an investigation on the radiation stability 
of alkaline HeO> solutions, in which a decrease in the 
radiation induced decomposition of H,O:, in alkali is 
observed. If this is the cause of the increase in the 
yield of H,O,"*!* we have to assume that OH™~ deacti- 
vated H,O* without any free radical formation. 

Another source of H,O,'°'8 might have been a radi- 
ation induced scrambling between H,0,'*"® and 
H,0,'*'8 either directly or via HOe. To test this point 
we carried out experiments in which at pH=5 a mix- 
ture of H.O,"* 8 and H.O,.'* "8 with total (H,O.) =0.03M 
and total % O'8=17.3 was irradiated in HO". It was 
found that the residual H,O» had an identical isotopic 
composition while the O2 evolved showed only 0.4% 
O,'618 which originated from two different molecules of 
H.O,. Thus, no scrambing (e.g., through HO») occurs 
under these conditions. 

We shall now examine these conclusions in the light 
of the results obtained in the presence of various 


Reid, Excited States in Chemistry and Biology 
worths Scientific Publications, Ltd., London, 1957), p. 68. 


6c. Butter- 


© J. Burak and G. Stein (to be published). 


ev X 10” 


rate, 4X10" ev/sec. 


18,18 


Rx atten 


Guess Guo,88 Gyyo,!*:'8 


b 61 
11 .05 
19 .64 
13 74 
31 74 
16 .66 

6 33 
22 .19 

6 31 
12 .053 
15 el 
31 62 
10 54 
47 71 
ae .19 
30 me) 
50 19 


15 23 


additives. The addition of bromide introduces several 
effects. Already at very much lower concentrations” 
than the one employed by us, Br is a very efficient 
scavenger for OH. Because of the high atomic number 
of Br- the absorbed dose will increase. The effect of 
the atomic number alone is obtained by adding under 
similsr conditions Rbt+ or Cst instead of Br-. We see 
that the addition of these, increases the yield of both 
H,0,'*"'8 and H,O-'*"8 leaving their ratio nearly un- 
affected. The addition of Br-, on the other hand, 
decreases both H»sO,!3!8 and H.O.'*!5 and at the same 
time changes their ratio appreciably, particularly in 
acid solutions. This effect cannot be attributed merely 
to radical scavenging by Br~. At much lower concen- 
trations Br~ alone, if no HeO. were present, would 
scavenge practically all OH radicals.’* As it was previ- 
ously indicated, H,O. alone at 1M concentration will 
also be an effective scavenger, thus Br~ will be ex- 
pected to compete with HO, for the radicals, and 
consequently a decrease in the yield of H,O,'*:'* formed 


Tasce VII. Spark discharge induced formation of H,O,'%:' 
H,O,'*'8 (initial H,Oe concentration =0.2 mole/liter 


and 


Dec’n 
yield 
Br- mole O. 


HO: formed yield 
from H,O H,Q,!8-'8 
moles moles 


yield 
H.Q,'6.18 
moles 


0.412 .326 0.173 


606 0.184 
0.002 
0.053 
0.047 
0.071 


.061 0.020 


009 


0.006 


0.0117 
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by reaction (9) is expected. Br~ also diminishes the 
yield of H,O,'* 8, though to a smaller extent than that 
of H,0,!* 18. The effect of Br~ may be explained if we 
assume that Br effectively competes with water for 
the available radiation energy, thus decreasing the 
yield of both H.O* and of OH, and giving Br atoms 
instead. In addition, if HsO+ is formed, then the 
process 


HO -H.O*+ Br 


may compete with 
H,O++ aq—OH-+ H*aq. 


Using NO.-, the effect of high atomic number is 
eliminated; NO». can be used in neutral and basic 
solutions only, owing to its interaction with H,O. in 
acid medium. NO; does not affect the yield of H,O,!* 1, 
but increases very considerably that of H.O,.'*"8, This 
is in agreement with the assumption that H»O,!*.!8 is 
due to a molecular process and thus it is unaffected by 
OH radical scavengers. The increase in HsO,'*'!8 is due 
to a specific effect of NO. 

The formation of H,O,''8 may be explained as fol- 
lows, OH radicals react with NO.-, 


NO.-+OH-NO.+ OH-, 
NO,» thus formed may react with H,O. forming 


HO 


N—OOH, 
O 


a peroxide of N(IV) acid. This may eventually be 
oxidized to pernitric acid (O.NNOOH). Due to the in- 
ductive effect of the —NO: group the O—O bond of 
the peroxide may be polarized to allow a nucleophilic 
substitution of —O—OH": by O'8 from the water 
forming an exchanged peroxide; on hydrolysis H.O,'*:!8 
will be formed. It was found indeed that both NO, and 
HNO, induce an exchange between HO. and water.® 

Regarding the O.!*18 and O,!*8 evolved during ir- 
radiation, the amount of O,'*:'8 is very small and per- 
mits only a qualitative indication of any trend with 
pH. The yield of O,"*'* is considerable and shows well 
defined changes with change of pH. The first decrease, 
between pH 2-3 may be connected with the dissociation 
of HOs, the second between pH 9-10, perhaps with that 
of OH. There appears to be no correlation between 
Gy.o,!® 8 and Go,!®!8. Whereas Goo'* 18 decreases with in- 
creasing H.O» concentration, Gy,0,'*''’ increases; the PH 
dependence of Go,!*!8 is also different from that of 
Gy.o,'®'8. It may be suggested that the precursor of 
O,"*:18 is scavenged by HO... This would indicate a 
mechanism in which the intermediate HO, radical, 
which eventually yields Os, becomes isotopically 
“scrambled” at some stage. 


GUTTMANN, 


AND STEIN 

The following may be a possible explanation which 
appears to offer a solution for the observed facts. The 
results already indicated that OH radicals exchange 
with HO» to a considerable extent, as in reaction (9). 
It may be suggested that in reaction (8), in which HO. 
is formed, the activated state is 


From this, scrambled H2O,"*:'8 may result with a vield 
of about 10%, according to 


H H (9a) 
180) 
» 160 


H H 


while from the same symmetrical transition state the 
HO. radical may also evolve scrambled, 


H 


O's H (8a) 


Or. O., —H,O*%+H O'%— O'8, 


H 


There remains the experimental fact that with increas- 
ing H.O.'6'6 concentration, Go,'*!8 decreases while 
Gy.o,'*'8 increases. This may be due to the exchange 
reaction 


HO,'* 8+ H.0,'*-6+H,0,'6 18+ HO»!6 16, (14) 


This exchange may be catalysed by alkalinity via re- 


action [(14a) and (14b) ] 
O18 .18)— + FHOo!8 18 O, (16 16) H.0,'6 18 (14a) 
Op8 18-4 HO, (16 16)- — 9,16 16) FO, (16 .18)- A (14b) 


On the other hand O~ may show a smaller tendency to 
form scrambled HO,"*:'8. These factors may account 
for the pH dependence of Go,'*"". 

In order to confirm this hypothesis on O,'*!8 forma- 
tion, experiments were carried out in presence of 
Cut + which is an efficient scavenger for HO.'’ and 
would thus compete with reaction (14), 


HO.+ Cut +-0.+ H*+ Cut. (15) 


It was found that Go,'*:'® increased considerably in the 


wv W.G. Barb, J. H. Baxendale, P. George, and K. R. Hargrave, 
Trans. Faraday Soc. 47, 642 (1951). 
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presence of Cut + whereas no effect on Gy,o,'>"* or 
Guyo,'*> could be detected. 

The experiments with protons support the conclusion 
of the x-ray experiments. Protons will form OH radicals 
much more closely spaced. Thus the recombination of 
two HO" radicals to give H,O,'*-* is favored, and only 
higher concentrations of H,O,'*"® may compete with 
this radical process. On increasing initial H,O,"*-* con- 
centration, a substantial decrease in Gy,o,)*"* and an 
increase in Gy,o,'°"'* was observed accordingly. Under 
these conditions of total absorption, there is no effect 
of Br~ on the absorbed dose. Thus, only the effect of 
Br- is the competition with H,O for the available 
energy. In proton irradiated solutions Br~ lowers both 
the yields of H,O,!*!8 and H,O,!*"* considerably, which 
may be due to reaction (13) alone. On the other hand, 
the addition of Cst has no effect at all in this case. 
NO; shows a similar effect to that demonstrated on 
x-ray irradiated solutions. 

The results obtained in the presence of initially added 
O,'5'8 to x-ray irradiated solutions of H,O,'*'® in 
H,0", show two different mechanisms of exchange be- 
tween O, and aqueous H,O2. The results in Table V 
show the existence of a thermal exchange process lead- 
ing to the formation of both H,O,!*'S and H,O,'*!5 
from O,'5!’, The effect of radiation produces H,O0,'*"* 
only. In alkaline solution the amount formed is some 
tenfold higher than in acid solution. This would be 
consistent with the assumption of Hart, Gordon, and 
Hutchison’ that O~ (the anion of OH) may transfer 
its electron to O, yielding O.-, which will give H,Oy in 
good yield without leading to the formation of any 
scrambled Oy, or H2Qs. 


CONCLUSION 


The experiments in this study provide strong evi- 
dence in favor of a distinct molecular mechanism 


leading to the formation of H2O» in irradiated solu- 
tions. The effects of scavengers and of changes in pH 
on the yield of H,O, formed directly from HO, are 
significantly different from their influence on the 
products of free radical precursors. The results regard- 
ing the molecular yield of HO, are consistent with 
those of Mahlman® on the formation of ‘‘molecular’”’ 
Hz. They are also consistent with the results oi 
Schwartz,'* but for the interpretation. In a very careful 
investigation of the effects of varying concentrations of 
different scavengers on the yield of H, and H,On, he 
claimed that when the concentrations of the scavengers 
are “normalized” to allow for their different efficiencies 
as scavengers, their influence on the yield of both He 
and HO: can be derived from a theoretical curve, on 
the assumption that the only precursors of importance 
are free radicals. A careful consideration of the results 
of Schwartz proves that at high concentrations of 
scavengers, the experimental results differ significantly 
from the theoretical values. This can be explained both 
for Hz and H,O2 by assuming that a residue of their 
free radical precursors is not accessible to scavengers. 
While the G value for “molecular” He is only of the 
order of 0.1, we find for gmotecular Of HeOQ2 a value of the 
order of 0.3-0.4, in neutral and acid solution. Thus, 
some of the conclusions of Backhurst, Johnson, Scholes, 
and Weiss* are confirmed. 

The discrepancy between the residual yields of He 
and H,O, is probably real and due to the fact that re- 
action (4) only describes the process schematically. 
Part of the excited HyO may yield H,O»2 with another 
water molecule, with the simultaneous formation of two 
H atoms. The results of the proton irradiations do not 
support the participation of two excited water mole- 
cules in reaction (4). 


18H. A. Schwartz, J. Am. Chem. Soc. 77, 4960 (1955). 
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An isotopic rate ratio, k’ 


k=1.91+0.10, has been measured at room temperature for the reactions NHs 


ND;) +BF;= NH3BF;(ND;BF;). A set of vibrational frequencies for the transition states is deduced which 
explains the observation by attributing to the transition state a large degree of charge transfer stabilization 


and a negligible activation energy. 


HE modified technique of the spherical ‘diffusion 
flame” of Polanyi has been successfully applied to 


the kinetics of fast gaseous reactions of the general 


type 


N(CHs3)3+ BF;—(CHs3) s3NBF3. 


[The theory of the temperature pattern has been 
shown to be correct to a high degree of accuracy, and 
ranges of the critical flame parameters deduced which 
afford maximum reliability.? The results? may, there- 
fore, be treated with a fair degree of confidence. They 
reveal, however, a surprising dependence of the rate 
upon the complexity of the amine. The increase of the 
rate constant for the association step with increasing 
size of the Lewis base is in contradiction with classical 
notions of bimolecular steric factors,‘ yet the results 
have since been substantiated in other laboratories.>* 
Consequently, a small activation energy has been 
postulated for the ammonia reaction, which would then 
be lessened by the greater inductive and dispersion 
forces to be expec ted with the higher amines. However, 
experimental efforts have failed to reveal any tem- 
perature dependence of the rate constant.® 

In order to gain more information about the reac- 
tion coordinates of such associations, we have under- 
taken the measurement of the isotopic rate ratio for 
the reactions 


NH;+ BF;=NH;BF 

ND;+ BF3;= ND3;BF; 
The result, when interpreted by means of the transition 
state theory, offers some insight into the secondary 
structural changes occurring during the course of the 
reaction. 


EXPERIMENTAL 


\ vacuum system and Pyrex reactor similar to those 
previously described! were employed in these measure- 


* Present address: Department of Physics, Amherst College, 
\mherst, Massachusetts. 
D. Garvin, V. P. Guinn, and G. B. Kistiakowsky, Discussions 
Faraday Soc. 17, 32 (1954). 
2 F. T. Smith, J. Chem. Phys. 22, 1605 (1954 
G. B. Kistakowsky and R. Williams, J. Chem. Phys. 23, 334 
1955). 
‘C. E. H. Bawn, Trans. Faraday Soc. 31, 1536 (1935). 
J. Daen and R. A. Marcus, J. Chem. Phys. 26, 162 (1957). 
S. H. Bauer (private communication). 


ments. The reactants, NH; or ND;, and BF;, both 
mixed with nitrogen carrier gas flowed through capil- 
laries into the reactor. The ammonia species were 
mixed with the carrier gas just before entering the 
reaction zone, and always served as the atmosphere. 

The boron trifluoride-nitrogen mixture entered the 
reactor by means of a small nozzle whose tip was located 
in the center of the reactor. The desired steady state 
pressure in the reaction zone was then set by adjusting 
the pumping speed of a Cenco Megavac pump. A liquid 
nitrogen trap, located between the reactor and pump, 
collected the unreacted ammonia, which was always 
present in a stoichiometric excess. The reactor was 
thermostated by means of a motor stirred water bath. 
All measurements were done in the vicinity of room 
temperature. 

The capillary flow rates had previously been meas- 
ured in terms of their driving pressures, so that the 
rate of influx of each species was known. The ratio of 
the NH; to ND; flow rates was further checked by 
collecting these gases in a liquid nitrogen trap just 
beyond the reaction zone before the boron trifluoride 
flow was turned on. When cracked with a hot platinum 
wire, this mixture yielded No, He, HD, and Dz» gases 
which were then analyzed with a previously calibrated 
Consolidated-Nier isotope ratio 21-201 mass spectrom- 
eter. 


REACTANTS 


Prepurified nitrogen, for use as a carrier gas, was 
admitted to the system through a drying column of 
magnesium perchlorate. Anhydrous ammonia and boron 
trifluoride from the Matheson Company were used 
without further purification. The deuterated ammonia 
was prepared by distilling D.O, obtained from Stewart 
Oxygen Company, through magnesium nitride, in the 
standard fashion.’ The nitride had been prepared in an 
iron furnace at 900°C and subsequently handled in a 
dry box. The ammonia so obtained was cracked and 
found, upon analysis, to be 98.5% deuterated. 


CALCULATIONS 


The raw data from these experiments consist of 
hydrogen-deuterium ratios in ammonia before and 
after passage through the reaction zone, and the flow 


7A. Smits, G. J. Muller, and F. A. Kroger, Z. physik Chem. 
Leipzig) B38, 177 (1938). 
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Run 
Time 
(hr) 
Pressure 


(mm) 


COORDINATE 


BOND FORMATION. 


0.270 





He 
D 


.08 


Influx, NHa, moles/sec x 10° 

Influx, NDs, moles/secX 10¢ 
4—Influx, BFs, moles/sec xX 106 

Influx, Nz moles/sec X 106 


HD. 
r—H /D; 


rates of all gas species into the reactor. Since we equate 
the total rate of ammonia consumption with the rate of 
influx of the BF;, we then know the flow rate of each 
species from the reactor, and thus the steady-state 
concentration of each species before and after passage 
through the flame. 

There is some ambiguity as to the correct relation- 
ship between the above parameters and the rate con- 
stant ratio of interest. If we define the experimental 
rate constant, &,’, of the reaction NH;+ BF;—-NH;BF;, 
in a small volume element by 


—d(NHs3) /dt=k.' (BF3) (NHs), (1) 


then the integral of the left-hand side over the entire 
reactor is clearly equal to the difference between the 
flow rates of the NH; species into and out of the flame, 
which we denote by Ho, Do and H,, D:, respectively. 
We may remove k,’ from the integral of the right-hand 
side, since it can depend only on the total pressure, a 
constant for the reactor. Smith’ has suggested that 
(NHs3) is also constant throughout the flame, being 
equal to the exit concentration. We may thus write 


Hy—H=ké (NH) of (BF3) dr 
and, upon similar considerations of the NDs species, 
Dy—Di=k(NDs)f ( BF3) dr. (3) 


On dividing (2) by (3), we obtain 


(Ho—H,)/(Do— Di) =(he'/Re) (H/Di), — (4) 


8 F. T. Smith and G. B. Kistiakowsky, J. Chem. Phys. 31, 621 
(1959), 


2.24 
1 


Q. 


so that the rate constant ratio can be evaluated from 
the flow rates without consideration of the 
pattern. 

One may object, however, to the use of the reactor 
exit concentrations throughout the reaction zone since, 
in these experiments, a liquid nitrogen trap immedi- 
ately followed the reactor, in which the gaseous concen- 
trations would be zero. An alternative expression, but 
one closely related to (4), and based on the notion of 
mass flow through the reactor, was, therefore, adopted. 
Integration of (1) as the volume element moves through 
the reaction zone gives 


flame 


t 
Ind, Hy=ke ( BF3) dt. (5) 


Division by the corresponding equation for the deu- 
terated species produces 


In ,/Ho=(ke'/ke) InD,/Do, (6) 


the usual expression for competitive isotopic reactions.® 
Upon expansion of the logarithmic terms of Eq. (6), 
one obtains Eq. (4) in the limit of infinitesimal de- 
pletion of the atmospheric reactants. The consistency 
of our results in the case of larger depletions will provide 
some support for the use of Eq. (6) exclusively. 

The present method assumes, of course, that both 
reactions are irreversible. Smith has indeed shown the 
equilibrium constant for the reaction NH;+BF3= 
NH;—BF3; to be immeasurably large (>5X10° 
cm*/mole). 

RESULTS 

The pertinent data, together with the results of 

Eq. (6), are given in Table I. Since no significant trend 


9]. Bigeleisen and M. Wolfsberg, Advances in Chem. Phys. 
(1958). 
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TABLE II. Reactant and transition state frequencies (cm~). 


NH I NH;—BF; ND;—BF; 


3336 3000 2175 


950 1100 


3072 


3413 


1627 1540 


840 
610 


1330 


111 


with respect to pressure or mass flow is obvious, a 
simple average was used to yield a final value of k’/k= 
1.91+0.11. Of particular interest is the result of run 
No. 2 where some 35% of the atmospheric reactant was 
depleted. If Eq. (4) instead of (6) had been the correct 
method of interpretation, then this run would have 
given a lower result for k’/k. In fact, it is slightly 
higher than the average value suggesting that our 
treatment was indeed the correct one. 


DISCUSSION 


A simple collision model is obviously unable to ac- 
count for a kinetic isotope effect of the observed size. 
So also is the transition state theory as applied to 
radical combinations,” invoking the notion of an ex- 
tremely loose transition complex. It is necessary to 
consider a more rigid model. To do this we shall employ 
the Bigeleisen formalism in which the rate ratio may 
be expressed solely in terms of the vibrational fre- 
quencies of the reactants and their transition states.° 
The frequencies of the ammonia species are well 
known,!"! whereas those of the complexes can only be 
guessed. For this purpose we have found it useful to 
consider the fundamental frequencies of the molecules 
CH;CF; and CD;CF3,""" which are isoelectronic with 
the transition states in question, and of several BF; 

0 FE. Gorin, Acta Physicochim. U.R.S.S. 9, 691 (1938). 

1G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand 
Company, Inc., Princeton, New Jersey, 1950). 

2, J. R. Nielsen, H. H. Claasen, and D. C. 
Phys. 18, 1471 (1950). 

8 W. F. Edgell (private communication). 
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KLOTS 


complexes." Most of the normal vibrations would 
seem to undergo little change during reaction; further- 
more many of them are nearly classical, thus contribut- 
ing little to the isotope effect. Of overwhelming im- 
portance are the high frequencies associated with the 
N-H motions. In order to reproduce the experimental 
rate ratio, it was necessary to postulate a roughly 20% 
decrease in their force constants in the transition state. 
There is some evidence that this is completely reason- 
able. Applying Badger’s Rule’® to the increased bond 
length of NH,*,” for example, suggests that its valence 
bond force constants may be 35% less than those of 
NH. 

The frequencies postulated, then, for the transition 
states are given in Table II. No claim is made that 
they are other than qualitatively correct. They do 
demonstrate, however, that the experimental result can 
be rationalized, at least, by means of transition state 
theory and chemical analogy, since their substitution 
into the isotopic rate constant ratio expression’ leads 
to the value 1.84 in satisfactory agreement with ob- 
servation. 

These frequencies are further capable of reproducing 
the absolute rate constants of several reactions studied 
previously if one chooses reasonable moments of 
inertia and postulates a vanish:ngly small activation 
energy for the reaction. Further details of this calcula- 
tion may be found elsewhere.’® This result is important 
since it suggests that the charge transfer process, first 
postulated for this type of reaction by Mulliken, 
provides an extremely low energy pathway in spite of 
the necessary secondary structural changes. The in- 
creasing N—H bond distances and subsequent isotope 
effect are probably symptomatic of the spreading of 
the formal positive charge as it appears on the nitrogen 
atom. The stabilization is apparently operative, 
however, only within a small solid angle of relative 
orientation, for the symmetry reasons discussed by 
Mulliken, and as evidenced by the low collisional yields. 
Presumably, then, the lower ionization potentials 
and larger polarizabilities of the heavier amines permit 
a greater degree of orientational freedom without 
encountering significant repulsive forces. 


14 A, Shepp and S. H. Bauer, J. Am. Chem. Soc. 76, 265 (1954). 

16S. H. Bauer, J. Am. Chem. Soc. 59, 1804 (1937). 

16 R. M. Badger, J. Chem. Phys. 3, 710 (1935). 

7H. S. Gutowsky, G. E. Pake, and R. Bersohn, J. Chem. Phys. 
22, 643 (1954). 

8 C, E. Klots, thesis, Harvard University, 1959. 

19 R.S. Mulliken, J. Am. Chem. Soc. 74, 811 (1952) 
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The temperature pattern method in dilute spherical diffusion flames has been applied to the reaction of 
boron trifluoride with trimethyl phosphorus. The bimolecular rate constant indicates this to be the fastest 
association reaction yet studied with this technique. Expectations as to the effect of the reverse reaction on 
the temperature pattern are qualitatively confirmed. The origin of steric factors in coordinate bond forma- 


tion is briefly discussed. 


INTRODUCTION 


HE utility of the dilute spherical diffusion reaction 

technique has been successfully demonstrated for 
simple association reactions.! Its extension to more 
complicated kinetic situations would, therefore, seem 
desirable. Exploratory work by Smith? has shown 
that the reversibility of a bimolecular association 
process should affect the reaction pattern in a particu- 
larly straightforward manner. The present work was 
undertaken to test his results and thus to evaluate the 
diffusion reaction technique as a source of thermo- 
dynamic data. The reaction 


P(CH3)3+ BF;= F;BP(CHs)s (1) 


seemed ideal for such purposes. Thermodynamic data 
at 100°C suggest that the adduct will be only slightly 
dissociated at room temperature.’ Furthermore the 
kinetics of the forward reaction should be of interest 
in elucidating the effect of molecular properties on the 
rates of such processes. 


EXPERIMENTAL 


A vacuum system similar to that of previous work 
was used. One notable improvement, however, con- 
sisted of fitting the brass lid to the Pyrex reactor by 
means of a large O-ring seal. Upon evacuation, ex- 
ternal pressure held the lid tight, permitting the entire 
reactor to be immersed in its water bath. 

The thermocouple wires were 90% Pt-10% Ir, and 
60% Au40% Pd, giving a thermal emf of 47 yv/°C. 
They were mounted in a Teflon plug and sealed to the 
copper leads in a brass block in thermal contact with 
the reactor wall. The thermocouple mount entered the 
reactor through an O-ring seal in the lid, which re- 
mained vacuum tight during positioning of the thermo- 
couple in the flame. Signals were fed to a Liston-Becker 
de breaker amplifier and displayed on a G-10 graphic 

* Present address: Department of Physics, Amherst College, 
Amherst, Massachusetts. 

'G. B. Kistiakowsky and R. Williams, J. Chem. Phys. 23, 334 
(1955). 

2 F. T. Smith and G. B. Kistiakowsky, J. Chem. Phys. 31, 621 
(1959). 

3H. C. Brown, J. Chem. Soc. 1956, 1248. 

‘DP. Garvin, V. Guinn, and G. B. Kistiakowsky, Discussions 
Faraday Soc. 17, 32 (1954). 


recorder. With proper shielding the noise level could be 
kept to less than 5X10~-* v, providing a resolution of 
about 10~ degrees. 

In a series of runs, the reservoir pressure of trimethyl 
phosphorus, which always served as the atmospheric 
gas, was successively lowered while the total reactor 
pressure was kept constant. By this means, the effect 
of the reverse reaction could be separated from a 
kinetic interpretation of the temperature profile. All 
measurements were made in the horizontal plane con- 
taining the center of the flame, and were done in the 
vicinity of room temperature. 

Prepurified nitrogen, for use as a carrier gas, was ad- 
mitted to the vacuum system through a drying column 
of MgClO,. Boron trifluoride from a Matheson Com- 
pany cylinder was used without further purification. 
The trimethyl phosphorus was prepared by a standard 
Grignard technique, distilled into the system, and its 
infrared spectrum checked for purity. 


CALCULATIONS 


Knowledge of the reactor concentration of the tri- 
methyl phosphorus depends on the calculation of its 
capillary flow-rate and, consequently, of its viscosity. 
Correcting the molecular diameter of trimethyl amine 
for increased bond distances,’ and adopting Garvin’s 
value for the viscosity of the amine,’ we deduce co- 
efficient of 76X10~* poise for the phosphorus com- 
pound. Binary diffusion coefficients for P(CH;); BF; 
and BF; in nitrogen were calculated using molecular 
diameters of 7.06 A® and 4.74 A,° respectively. These 
values, although approximate, should be at least as 
accurate as the experimental data warrant. 

The reaction temperature measurements were treated 
essentially in the manner prescribed by Smith. In 
practice, however, it was not necessary to apply the 
corrections he derived for distortion of the reaction by 

5 A. B. Burg and R. I. Wagner, J. Am. Chem. Soc. 75, 3872 
(1953). 

6L. S. Bartell and L. O. Brockway, J. Chem. Phys. 32, 512 
(1960). 

7D. Garvin and G. B. Kistiakowsky, J. Chem. Phys. 20, 105 
(1952). 

* The diameter of ¢-butyl amine; see work cited in footnote 1. 

9 Landolt-Bornstein, Zahlenwerte und Functionen (Springer- 
Verlag, Berlin, Germany, 1951), 6th ed., Vol. 1, pp. 369, 373. 
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RISTIAKOWSEY AND °C. 
TABLE I. Experimental Data. 


6 


pressure (mm Hg 20 Ze : AS 0.128 0.128 


total flow (moles/secX 10 8. 7.67 Pe AS 7.44 6.69 
BF; flow (moles/secX 10 3 bie ‘ 8.38 8.30 
partial pressure P(CH;)3; (mm X 10? .228 .98 .58 Bi 1.73 1.45 
0.146 0.117 
29 2 2¢ 27 27 
cc/mole sec ¢ —_——— 1.2K108 — - . —— 79X10" 
atm X 10 - 3.6X 108 ——  +——— 1.6X 10° 


10 13 : 18 19 


0.455 0.455 490 0.455 0.088 0.088 0.088 .088 
8.19 3.17 8.10 i 8.07 8.04 8.03 8.00 7.97 
9.11 9.11 9. 9.08 9.07 9.07 9.06 06 
0.340 5 1.28 5 0.340 2.69 2.02 1.42 87 
0676 0.125 0.294 3 0.090 0.144 0.125 
27 27 28 28 28 
- 7.610" - 7.610" 
‘.. > 6.2X 10 ‘ 1.1 10° 


the outer cylindrical wall. The kinetics of the present tained at the highest pressure, and consequently 
system were such that the reaction diameters were smallest reaction zone diameter, where the scatter 
always too small to include such boundary effects. By was quite large. Such behavior is not surprising since 
assuming, then, a pattern of the form it is under just these conditions that jet flow, at- 
mospheric depletion, ‘and Joule-Thompson _ effects 
would cause the assumptions of the theoretical model 
one may extract c, the parameter of interest, defined by _ to break down. 
rae : From thermodynamic data at 100°C one may inde- 
C= (hp ,/ Dy) + (Rp/ DK). (3) pendently calculate Keg to be 7.1 (atm)-!, in 


T=T )+A/r—B—Ce-*"/r (2) 


’ 


Here k, and KA. are the forward rate constant and 
equilibrium constant of reaction (1), Z,, the concentra- 
tion of the atmospheric gas, and D, and D,, the dif- 
fusion coefficients of BF; and P(CHs3)3BF3. Since kp is 
defined such that 





1/kp=1/kith1/k,k,(M), 


a simple Lindeman plot of its pressure dependence ; re 
yields k; the kinetic parameter of particular interest. & Mar eo 


RESULTS AND DISCUSSION 


Pertinent data are recorded in Table I. From them 
the values of Keg =8X 104 (atm) and k, = 1.4 (40.2) X 
10" cc/mole sec may be deduced. In both cases the 
contributing values were weighted in inverse propor- 
tion to the standard deviation associated with each , , 


point.” This procedure makes little use of values ob- | J 
r(A°) 














10 J. M. Cameron, Fundamental Formulas of Pivysics, edited Fic. 1. Zero-order potential energy curves involved in co 
by D. H. Menzel (Prentice-Hall, Inc., Englewood Cliffs, New ordinate bond formation. The upper curves follow a simple 
Jersey, 1955 electrostatic potential form at larger intermolecular distances. 
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somewhat poor agreement with our value (3). In order 
to reconcile the two, one would have to postulate for 
the reaction that AH = —26.3 kcal/mole rather than 
—18.9 kcal/mole. The dispersion among the several 
values of K.q at the various pressures is also disappoint- 
ing. Thus, although the reaction parameter in question 
obviously bears some relation to the equilibrium con- 
stant, its identification as such may not be completely 
justified. 

Results of the Lindeman plot are somewhat more 
satisfactory. By assuming that 2 takes its maximum 
value of the collisional frequency (which, although 
wrong, is the only concrete assumption possible), a 
lifetime (r=1/k-;) of the excited adduct P(CHs)3 of 
1.5X10~° sec may be calculated. This is comparable 
with the corresponding values for trimethylamine and 
dimethylamine (1), and is consistent with the notion 
that lifetimes of excited molecules are determined by 
the number of available degrees of freedom. 

The primary rate constant ki=1.4X10" cc/mole 
sec is of considerable interest, representing the fastest 
association process yet studied with the flame tech- 


COORDINATE 
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nique. This is equivalent to reaction in roughly every 
fifteen collisions. Figure 1 shows, after Mulliken," the 
probable zero-order potential energy curves involved 
in the present reaction and that of NH, corresponding 
to particularly unfavorable relative orientations.'? The 
energy humps in both cases are probably negligible 
when reaction partners are more ideally oriented.” 
Therefore, the potential surface involving trimethyl 
phosphorus must remain attractive through a larger 
solid angle of off-axis collisions, affording its transition 
state greater flexibility than its ammonia counterpart. 
Ionization potentials of the other amines studied with 
the diffusion flame then suggest potential curves of 
intermediate character, correlating with their observed 
kinetic behavior. 


4 R.S. Mulliken, J. Am. Chem. Soc. 74, 811 (1952). 

2 Assuming an ionization potential of 8.18 ev for trimethyl 
phosphorus, based on those of PH3, NH3, and N(CHs3)3. See work 
cited in footnote 14. 

13 G, B. Kistiakowsky and C. E. Klots, J. Chem. Phys. 34, 712 
(1961). 

4F. H. Field and J. L. Franklin, Electron Impact Phenomena 

Academic Press, Inc., New York, 1957). 
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The effects of quadrupole relaxation on the relative linewidths of the double resonance spectrum of a 


molecule in the liquid state are described. Only the special case is considered for which the broadening of 
individual components by quadrupole relaxation is not great enough to lead to complete collapse of a spin 
multiplet. It is assumed that line separation is large compared to linewidth. The calculations are illustrated 


for the ammonia molecule 


I, INTRODUCTION 


] 


JN nuclear magnetic double resonance experiments, 


transitions between nuclear energy levels in a mag- 
netic field are studied in the presence of two oscillatory 
fields. For a molecule that contains two types of nuclei 
whose magnetogyric ratios are different, the experiment 


is usually performed by applying a strong oscillatory 


field H, near the resonance frequency of one nucleus, 
while transitions of the other nucleus are studied with 
a weak oscillatory field H;. The field Hy: is assumed 
strong in the sense that y2H?7,)72~1, and H, is weak 
in the sense that yPH7,7.<«1.' Saturation 
with the field H, may be important, while those with 
H, can be neglected. In the treatment that follows it is 


effects 


assumed that H; is small enough that only the first- 
order terms in the time-dependent perturbation theory 
need be considered. 

For a molecule that contains two types of nuclei, the 
resonance signal of one nucleus is split into a multiplet 
by an interaction of the form Ji2J,+Jo,?"*> where Jz is 
the coupling constant between the spins of nuclei 1 
and 2. When the spectrum is studied near the resonance 
frequency of nucleus 1, for example, with a single weak 
field H,, the selection rules for the allowed transitions 
may be written, Am=+1, Am.=0.4 The effect of 
applying a second strong field Hy, near the resonance 
frequency of nucleus 2 is to change the selection rules 
to approximately: Am=+1, Am,=0, +1, +2, °>>. 
Thus in a double resonance experiment, a variety of 
new features appear that depend on the frequency and 
intensity of the fields H; and Hp. 

The use of double resonance was first suggested by 
Bloch. Bloom and Schoolery® gave an approximate 
treatment for the case of two spins of } each, and 
tested the theory on F® and P* in Na:PO;F. A full 
description of the effect of double resonance on a gen- 
eral spin system was given by Bloch’ and extended by 


1J. A. Pople, W. G. Schneider, and H. J. Bernstein, High 
resolution Nuclear Magnetic Resonance (McGraw-Hill Boo! 
Company, Inc., New York, 1959), p. 31. 
2H. S. Gutowsky and D. W. McCall, Phys. Rev. 82, 748 (1951 
3 FE. L. Hahn and D. E. Maxwell, Phys. Rev. 84, 1246 (1951 
‘ Footnote 1, p. 109. ; 
5 F. Bloch, Phys. Rev. 94, 496 (1954). 
§ A. L. Bloom and J. N. Shoolery, Phys. Rev 
F. Bloch, Phys. Rev. 102, 104 (1956 


97, 1261 (1955 


Rempel.’ A general treatment of the double resonance 
problem has also been given by Tomita.?” 

Anderson" applied double resonance techniques to 
determine the strength of an oscillatory field as sug- 
gested by Bloch.’ He further showed that the technique 
could be used to decouple the spins of protons with 
different chemical shifts. For nuclei with spin greater 
than 3, the possibility of relaxation through the inter- 
action of the nuclear quadrupole moment with the field 
gradient at the nucleus often leads to a very short spin- 
lattice relaxation time 7). Spin-multiplets arising from 
interaction with the high-spin nucleus are thus broad- 
ened. Double resonance has been used to effectively 
decouple nuclei such as N“, B", and B" from protons 
as an aid in the analysis of the proton resonance 
spectra." A double resonance technique has been 
applied by Anderson, Pipkin, and Baird" in the deter- 
mination of the ratio of the N™ and N® magnetogyric 
ratios. 

The effect of quadrupole relaxation on the relative 
widths of NMR spin-multiplets has been discussed by 
Pople. He shows that the relative widths of various 
components of a spin-multiplet depend on the spin of 
the nucleus giving rise to the multiplet, and the parti- 
cular state m2 that gives rise to each component of the 
multiplet. Since the usual selection rules are Am,= +1, 
Am,=0, each component in a spin multiplet of transi- 
tions of nucleus 1 can be associated with a given state 
mz of nucleus 2. The effect of quadrupole relaxation on 
relative linewidth predicted by Pople" is in agreement 
with the spectrum of N“H; reported by Ogg and Ray.”?! 

5 R. C. Rempel, Phys. Rev. 109, 831 (1958). 

*K. Tomita, Progr. Theoret. Phys. (Kyoto) 19, 541 (1958). 

© K. Tomita, Progr. Theoret. Phys. (Kyoto) 20, 743 (1958). 

1 W. A. Anderson, Phys. Rev. 102, 151 (1956). 

2'V. Royden, Phys. Rev. 96, 543 (1954). 

8 L. H. Piette, J. D. Ray, and R. A. Ogg, J. Mol. Spectroscopy 
2, 66 (1958). 

“R. A. Ogg and J. D. 
239 (1955). 

‘6 J. N. Shoolery, Discussions Faraday Soc. 19, 215 (1955). 

16 R. A. Ogg, J. Chem. Phys. 22, 1933 (1954). 

"LL. H. Piette, thesis, Department of Chemistry, Stanford 
University, Palo Alto, California, 1958. 

18 L. W. Anderson, F. M. Pipkin, and J. C. Baird, Phys. Rev. 
116, 87 (1959). 

19 J. A. Pople, Mol. Phys. 1, 168 (1958). 

20 R. A. Ogg and J. D. Ray, J. Chem. Phys. 26, 1339 (1957). 

*1R. A. Ogg and J. D. Ray, J. Chem. Phys. 26, 1515 (1957). 


Ray, Discussions Faraday Soc. 19, 
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QUADRUPOLE 


Pople” considers only the usual NMR conditions 
for which Am.=0. In this paper, the treatment of 
Pople” is extended to show the effects of quadrupole 
relaxation on the variety of features observed in a 
double resonance experiment. The application of the 
results is illustrated for N“H,;. Only the special case is 
considered for which the broadening of individual 
components by quadrupole relaxation is not great 
enough to lead to the complete collapse of the spin- 
multiplet. It is assumed that the line spacings are 
large compared with linewidth, or equivalently that 
T, and Ty» are long. In this work, as in the work of 
Pople," it is assumed that 7; and 7, are equal. This is 
true for the special case for which the molecules are 
tumbling very rapidly as in a liquid at high tempera- 
ture. If 7; and 7; are not equal, the complete treatment 
of Bloch? must be employed. Comparison of the meas- 
ured relative linewidths for NH;”*! with the theory of 
Pople” indicates that the assumption that 7; equals 
T2 is probably justified for NH; at room temperature. 


II. THEORY OF DOUBLE RESONANCE 


The static magnetic field is assumed to lie in the 
positive z direction so that Hyp=Hok. The fields H, 
and Hp, oscillate along the x axis, where H,j=2M, 
cosw;li and H.= 2H. cosw.t. It is assumed that each 
oscillating field can be described as a pair of counter- 
rotating fields, and that only the component rotating 
with frequency —w;, or —w,. is effective in inducing 
transitions. The error involved in this procedure is 
negligible when the oscillatory fields are small in com- 
parison with the static field. In nuclear double 
resonance, as in the usual NMR experiment, the ampli- 
tudes of both the weak and strong oscillatory fields 
are small in comparison with Ho. The total magnetic 
field can then be given as 


H=H k+ (A, coswyt+He coswt)? 


— (Ay sinwt+ He sinwe)}. (1) 


The Hamiltonian for a molecule in the liquid state 
in field H in the laboratory coordinate system is 


H=5O+50/ +50” 


H°= Dil, (i) + > Sele (i) (7) 


i<j 


= 32 Jol OI(j) +L O15] 


+ Dor {Is(i) coswel—Iy(i) sinwel] 


"= da {.(i) cosu,t—T,(i) sinw,t], 


* F. Bloch and A. Siegert, Phys. Rev. 57, 522 (1940). 
23.N. F. Ramsey, Phys. Rev. 100, 1191 (1955). 


RELAXATION 


EFFECTS 


where 


Yi= —yiko 
n= —ydh/ 
t2i= —y ite 


yi=magnetogyric ratio of nucleus 


t including the 
chemical shift 


1. (i) =1,(i) +1, (i). 
J 


J {j=spin-spin coupling constant between nuclei 7 
and j, cps. The Hamiltonian is given in units of cycles 
per second, and the summations are carried out over 
the spins 7 and j of the molecule. In the laboratory 
system, the Schrédinger equation is 


ih =H. (6) 


Since the Hamiltonian is time dependent, it is not 
possible to obtain time-independent solutions to Eq. 
(6). However, the time dependence in 5’ can be re- 
moved if the Schrédinger equation is written in a 
coordinate system that rotates with the angular ve- 
locity, —wk. The operator for a finite rotation —w»kt 
can be written 

u=exp(—iwolt). (7) 
If the wave function in the rotating coordinate system is 
defined as Ve=u¥, the Schrédinger equation can be 
written in the rotating coordinate system*: 


inW p =H rv R 
KRe=KO+KHe' ARR” 
He = Ad. (i) + DoJ iil-(i) 1. j) 
i i<j 


(8) 
(9) 
(10) 


Hr’ =4h > Jl ()I-(j)+WL(5)] 


i<j 
+Lirete(i) (11) 


Hr’ (t) = Dorr 2(i) cos(wi1—we)l 


—TI,(i) sin(w,—we)t], (12) 
where A ;= (t9i-+we/27). 

In the rotating coordinate system, the time depend- 
ence of the Hamiltonian remains only in 3Cp’’(¢). If it 
is assumed that 5Cp’’(t) is small with respect to (3Cp°+ 
Ke’), then the solution to Eq. (8) can be approxi- 
mated using first-order perturbation theory. The un- 
perturbed Hamiltonian (3Cp°+35Cr’) can be solved 
for its stationary eigenvalues Er, and its normalized 
eigenfunctions Pp 


(HO+Re') Wr = Err. (13) 


The time-dependent perturbation, to first order, then 
gives the transition probability per unit time, Pmn 


47, I. Rabi, N. F. Ramsey, and J. Schwinger, Rev. Modern 
Phys. 26, 167 (1954). 
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between states Yrm and Wr,. The transition probability 
per unit time is proportional to 


\{ m | 3C”” | nL (wi—we2) —w J, 


= (Erm—Eprn)2x, and the function p indicates 
that the transition probability is large when w;—w, is 


where w 


close to w. The frequency, w;/27 at which a transition 
is observed in the lab system is given by 


) 


W/ 27 


ERm— Ern+o2/ 2. (14 
The calculation of the frequencies and relative 
intensities of absorptions for double resonance requires 
diagonalization of the Hamiltonian (5Ce°+3C,r’) in the 
space of the spin functions for a given molecule. This 
process is of course considerably simplified by writing 
the basis functions in a manner consistent with the 
symmetry of the molecule.” The diagonalization of the 
Hamiltonian may often be approximated by the per- 
turbation technique of Anderson," or by simply 
neglecting small off-diagonal elements. In these calcu- 
lations as in the work of Bloom and Shoolery,® the 
effects of changes in level populations on the intensi- 


ties of signals have been neglected. 
III. QUADRUPOLE EFFECTS 


The special case to be considered is that for which the 
broadening of individual components of a spin multi- 
plet is not great enough to lead to the complete col- 
lapse of the multiplet. It is assumed that a nucleus of 
spin 3 (low-spin nucleus), is coupled with a nucleus 
of spin greater than 3 (high-spin nucleus) by spin-spin 
interaction. A given component of a multiplet in the 
double resonance experiment cannot be associated with 
i given state m» of the high-spin nucleus, even when 
the magnetogyric ratios of the two spins are quite 
different. The width of a component depends on the 
lifetime of the high-spin nucleus in both states Pr 
and Wr» associated with a given transition, where the 
states Wrm and Wen are some linear combination of the 
basis functions. 

Following the work of Pople, it is assumed that 
mechanisms other than quadrupole relaxation for spin- 
lattice relaxation are negligible. It is further assumed 
that the line broadening is small compared to the 
multiplet separation. From Pople, the transition 
probability P,.x. between two states Wrm and Wr, due 
to the quadrupole operator F is 

Pme=2h- | (m | F (15) 
is the correlation time for molecular motion, 
the matrix element is averaged over all orientations, 
and it is assumed that 70,<1.% The operator F is 


where § 


> E. B. Wilson, J. Chem. Phys. 27, 60 (1957). 
26 See work cited in footnote 1, p. 216. 
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written as the scalar product, 


F=Q-VE= >> (—1)"Qu(VE)_w, 


a> 


(16) 


where Q and VE are spherical tensor operators of 
second rank representing the nuclear electric quad- 
rupole moment and the electric field gradient at the 
nucleus. 

The solution to Eq. (8) may be written in the basis 
of the ¢; functions as 

R' (Rp +H’) R= Ep, {17) 

where the matrix R, representing a finite rotation of 
the coordinate system, is defined by 


Vr 7 Ro 


and the functions ¢; are the basis spin functions con- 
sistent with the symmetry of the molecule.% The quad- 
rupole operator in the same basis is then R'FR. In 
the work of Pople,” the functions ¢; were written as 
the product of functions associated with the low-spin 
nucleus and the simple spin functions for the high-spin 
nucleus. In the double resonance experiment the simple 
spin functions are mixed by the transformation R. It is 
thus necessary to show the effect of R on the matrix 
elements Prx. 

The operator F is the scalar product of two second 
rank spherical tensor operators, since the angular de- 
pendence of both Q and VE is contained in spherical 
harmonics of the form Yy,“(cos@, ¢).” The scalar pro- 
duct given in Eq. (16) is then just a special case of the 
spherical-harmonic addition theorem.” 


ian a 
= ) > Vint" (cosh, o1) Yu" 


M 


(18) 


Yo" (« #6) =( 
aie aes 


X (cose, do). (19) 


The scalar product is thus proportional to the spherical 
harmonic Yo"%. The behavior of the spherical har- 
monics or irreducible tensor operators under rotations 
is given by Rose as” 


R'V¥y"R= > Dw’ Vw, 


us 


(20) 


where Dyy” is the (2L+1) dimensional representa- 
tion of the rotation group. Since the rows and columns 
of Dyrw” are orthonormal, the matrix elements P,, 
are invariant under R and the matrix element is aver- 
aged over all orientations; 


h? P/27-= \(m\ F | Rk? THe cS al SN Da 


where m=i, k=j, m and k& represent Wm and yy, and 


27 R. V. Pound, Phys. Rev. 79, 685 (1950). 

2M. E. Rose, Elementary Theory of Angular Momentum 
John Wiley & Sons, Inc., New York, 1957), p. 60. 

9 See work cited in footnote 28, p. 77. 
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, diagonal elements, and eigenvalues for N'H3. 


H rmm Er 


aaa(+) Ayxy+3An+3Jnu 3Aytl 


aaa(Q) Ay SAn 


aaa(—) Ay—}3Jyux $Aq—l 
(1/3 )} (Bax +aBa+aaB) (+ 4 Ay Lyn Agt+m 


(1/3 )4 (Baw +afsa+aaB) (0 + Ay 


(1/3)? (Baa+taBat+aaf) | = 5 Jun s Ay —m 
( 1/6 4 ( 2Baa—aBa—acap) } Jxu 4 {y+m 


(1/6) (2Baa—aBa—aap) $Ay 


{ 1/6)? (2Bac —aBa— aap 5 J NH 2 Ay—m 


(1/2)4(+aBa—aaB) (+) 


(1/2)3(+aBa—aaB) (0) 


Ixy sAy+m 


pAK 
(1/2)4(+aBa—aaf) (—) $Jyu ,An—m 
1/6)3(2a88 —Ba8—BBa) (+ b Ju Ant+n 


1/6)3(2a88 —BaB —BBa) (0) +Ay 


1/6)! (2a88 —BaB—BBa) | Ss Jun tAy—n 
1/2)! (BaB—BBa) (+) , Iyun ~3Ay+n 
1/2)! (BaB—BBa) (0) 


1/2)4(BaB—BBa) (—) b Ixy 


1 3 ) 1(aBB + Bag + BBa < P| Jeu 3 Ay 4 n 


1/3 )?(aBB t BaB+BBa) (O Ay 


(1/3)! aBB+Ba8+ Ba) t SI yy -3,Aq—n 
BBB (+) Ay) 3, 3 Jy }An+0 


BBB (O) —$An 


—1 f BBB (—) ~— Ay —3 Ant 3 Jun Ay—o 


i and 7 represent ¢; and ¢;. Since P is invariant under R, following the procedure of Wilson.”* These are given in 
the matrix elements P,, can be calculated in the Table I. The functions a and 8 represent the proton 
simplest set of basis functions. spin functions with z components of spin of +3 and 

The inverse lifetime 1/7, of a given state m is then —4, respectively, and (+), (0), and (—) represent 
given by ) x’ Pmx, where the sum is over all the states, N™ spin functions with z components of spin of +1, 0, 
k, to which m can relax by quadrupole transitions. 
Then for a dipole transition between two states m 
and n, the inverse lifetime 1/7, of the state m is given 
by }>)’Pni, and the effective inverse spin-lattice 
relaxation time 1/7; is 


and —1. The total z component of the proton spins is 
given under My, while that of the nitrogen is given 
under My. The irreducible representation [ of the 
group C3, to which each function belongs is also given. 
The stationary parts of the Hamiltonian can be 
a written: 
1/T,=1/tm+1/ta- (22) : 
: ; ee : R= Anl.(N) Ayl.(H Jyul.(N)I.(H) 
Since a variety of transitions are allowed in the ; me +d wads +2 nul.(N)1.(H) 
double resonance experiment, the relative values of (23) 
1/7; must be calculated for each transition type. HC p’= "poe Fe (N)I_(H) +1_(N)1,(H)] 
IV. SAMPLE CALCULATION FOR AMMONIA i 


For the C;, symmetry of NHs, the basis functions ¢; +n I2(N) + > ron 2( H), (24) 
can be constructed from the spin product functions i 





pas SON “dD. 
ras eE II. Relative intensity and inverse relaxation time for 
N'* wavefunctions. 


lransition type Relative intensity 1/7, 


2 


[1+ cos(@m— 61) ]? 3 
$ sin? (Om — 01) 

| 1 -COS (A, — 6;) |? 

I sin? 2. — 6) 

cos? (Am — 87) 

4 sin? (Om, — 02) 

[1—cos(@m—61) }? 

$ sin? (Om, — 61) 


[1-+-cos (6, —6;) |? 


where the summations are over the three equivalent 
protons. It can be shown that terms in the coupling 
of the equivalent protons, Ju do not enter in the 
expressions for the frequency or intensity of allowed 
transitions.*® These have thus been omitted from Eqs. 
(23) and (24). 

The matrix elements of 3Cp° and 3’ can be written 
down from well-known rules.*! The diagonal elements 
in iz for the basis functions, ¢;, are given in Table I. 
Since terms in Jy have not been included in Eq. (24), 
there are no diagonal elements in 5Cz’. Since only terms 
in 7, occur in Eq. (23), there are no off-diagonal ele- 
ments in 3Cr*. It can be shown by the perturbation 
technique of Anderson!" that off-diagonal terms in 
Jxn and 24 can be neglected. The only important off 
diagonal elements are then those arising from tex/,(N). 
In the approximation that off-diagonal terms in Jyu 
and vy are negligible, the only states that can interact 
are those connected by off-diagonal elements in J,(N). 
These are simply the states (+), (0); and (0), (—); 
with a given function of proton spins. The magnitude 
of these off-diagonal elements is V2v2~/2. The complete 
Hamiltonian matrix thus consists of eight 3-by-3 blocks 
of elements along the diagonal. The secular determinant 
for the first block is 


where Wi= Ayt+3Ant+3Jnu, W.=$Aun, and W3= 
—Ay+$An—fJnu. The 3-by-3 secular determinants 
of the form of Eq. (25) can be solved to give the 
values of Er given in Table I. The new constants in- 


* See work cited in footnote 1, p. 
31 See work cited in footnote 28, p. 
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troduced are 
1=[(An+3 Jyu)?+0on?}! 
m=((An+}Jnu)?+02n? }! 
n=((An—3Jnu)*+0n*} 
o=[(An—3Jwu)?-+ten?}. 


The proper linear combinations of the ¢; functions 
to give the Wx functions are also found from Eq. (25). 


Vrm = a3 oe Pp ty 


(26) 


where the R,,; satisfy > eijRm; = ErmRm;. The con- 
stants Rn»; are thus proportional to the co-factors of 
any row of the determinant in Eq. (25). The values of 
Rni are fixed by requiring R to be unitary. The eigen- 
functions for the first block in the secular equation can 
be written: 


Ya= (axceae) [3 ( 1+cos6;) (++) —v2/2 sin6,(0) 
+3(1—cos#,) (—) ] 
Y= (aaa) [ —1/v2 siné;(+) —cosé,(0) 


(27) 


+1/v2(sind,) (—) | 
¥.= (aaa) [3(1—cos8;) (+) +Vv2/2 sin6;(0) 
+3(1+cosh)(—) J, (27 


where 
9:=cos(Ax+$Jyu)/l 
m= cos!(An+}Jnu)/m 
n= COs '(An—}Jnu)/n 
= cos!( An —} Ju) /o. 


The eigenfunctions for the other blocks in the secular 
equation will be similar functions in the angles @,, 
6,, and @. The convenient abbreviation yz, 
$(Mu, 1) .(8:) will be used to describe the complete 
wave function where the letter a, 6, or ¢ indicates the 
type of nitrogen spin furiction from Eq. (27), and 
¢(My, I) is the proton spin function of the I repre- 
sentation with total z component My. 

Since only transitions at the proton resonance fre- 
quency are being studied, only those transitions are 
allowed for which AMy=-+1. Furthermore, transitions 
are only allowed between states belonging to the same 
irreducible representation. The transition probability 
is proportional to terms of the type 


(o(Mu, T) | >50,(i) 
+J_(1) | 6(Mu+1, T) )|? | ba’ (Ox) | ba(Om) ) |?. 
For transitions involving AMy=-+1, the functions 


¢.’'(6;) are not in general orthogonal to any of the 
oa(Om). Thus for each transition with AMy=-+1, there 





QUADRUPOLE RELAXATION EFFECTS 


TABLE III. AEp values for allowed transitions. 


(4, A1)—(—4, Ai) 
(3, Ea) —( —}, Ea) 


A) (4, ky) —}, Is) 


Transition type 


(3, Ai)—(4, 
. Ay+m-—l 
—Ayg-—l 
Ayq—m- 
Ay+m 
An 
—Ay-—m 
-Ayt+m+l 
Agtl 


Aqg—m-+l 


Relative transition 
probability 


will be nine components involving all the combinations 
of the ¢a(6;) and the ¢a(@.). The relative intensities 
of these components will depend on terms of the type, 


(a (81) | ba(Om) ) |*. 


These are given in Table II for the constants 6; and 0m. 
Similar terms occur for the other values of @. The calcu- 
lation of: the remainder of the transition moment 
follows the usual rules.*! The values of AEe for the 
allowed transitions are given in Table III. Transitions 
of the type (3, 41)<-(—}3, A1), (3, E.u)<-(—}, E,), 
and (4, E,)<-(—3, Es) are degenerate, and are indi- 
cated together in Table III. The relative intensities of 
the various transitions can be found by multiplying the 
appropriate term of the type | (a’| a) |? from Table II 
by the factors indicated in the last row of Table III. 
These factors are obtained by summing terms of the 
type, |((Mu, T) | Dod4(i)+/_(i) | (Mu+1, T))), 
over the various degenerate transitions of each type. 
Considerable simplification results for certain special 
cases. For example, if the frequency w2 of the field H, 
is exactly equal to the resonance frequency of nitrogen, 
von, then Ay equals zero, and the constants m=n and 
1=o0. Then only thirteen different values of AEr can 
be found. In the limit as my approaches zero, the 
spectrum reduces to the familiar triplet structure. In 
the limit as mx becomes very large, the constants /, 
m, n, and o become equal, and the angles 6;, Om, A, and 4% 
become equal. Thus only transitions of the types (a’ | a), 


(—}4, Ai) —(—3, # 


Apt+n—m —Ay+o-—n 


Ay-—m Ap-—n 
-Aq—n— Aq—o-—n 


Apt+o 


— Ay - Ay 


-An+n 
-Ay—n — Ay—o 
-~Ay+n+m 


Ayg+m 


-~Ay+o+n 
Ayn+n 
Ap—o-+n 


Aq—n+m 








(b' |b), and (c’|c) are allowed, and the spectrum 
reduces to a single component at AEr= — Ax. In this 
limit the nitrogen spin is “decoupled” from the proton 
spins. 

Since the matrix elements for quadrupole relaxation 
are invariant under R, the values of P,,. are calculated 
with the simplest set of basis functions, the ¢;. The 
relative values of the inverse lifetime, 1/7,, where m 
is a, b, or c must be the same as those given by Pople.” 


1/ta21/ro:1/re= $213}. (28) 
The relative values of 1/7; are then found from Eq. 
(22). These are given for the various transition types 
in Table II. The relative values of 1/7; now give 
the ratios of the broadening of the various components 
for protons coupled to N" in a double resonance experi- 
ment. 


V. CONCLUSIONS 


The extension of the work of Pople” to the double 
resonance problem is straightforward. Double resonance 
is a powerful technique both for studying the details of 
spin interactions in molecules, and for the analysis of 
complex NMR spectra. These calculations suggest that 
the relative linewidths may be useful in assigning the 
features in a double resonance spectrum. A detailed 
study of linewidth can, of course, give information on 
the quadrupole coupling, the correlation times for 
molecular motion, and the molecular symmetry. 
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A technique is described for the total extraction of oxygen from calcium carbonate for isotopic analysis. 
This permits recalculation of previously published data to yield absolute values of equilibrium constants 
for the oxygen isotope exchange reaction between calcite and water. The equilibrium constant varies with 
temperature according to the empirical relationship InK =2730 7~*—0.00256 over the temperature range 


72 


Zid 


1023°K. 


INTRODUCTION 


INCE the early work of Urey! and his co-workers, 

the study of variations in stable isotope abundances 
has received increasing attention in the field of geo- 
chemistry. The relative abundances of the isotopes of a 
light element vary in natural materials as a result of 
isotopic fractionation in the processes which produced 
these materials. The purpose of the stable isotopic 
investigations on rocks and minerals is to deduce 
quantitative information about the conditions under 
which the mineral phases were crystallized, and about 
the sources of their constituents. 

Most of the stable isotope fractionation in nature 
appears to be the result of exchange reactions occurring 
at or near equilibrium. For example, water vapor over 
the oceans is near isotopic equilibrium with liquid 
ocean water; calcium carbonate deposited by a marine 
organism has an O8/O'® ratio determined by the 
equilibrium fractionation between CaCO; and water’; 
minerals in hydrothermal veins are often crystallized 
in equilibrium with one another and with the fluid 
phase from which they were precipitated.‘ 

Quantitative interpretation of the observed frac- 
tionations in natural systems requires knowledge of the 
various isotopic exchange equilibrium constants over a 
wide range of temperatures. Such measurements have 
been made in only one system of geological interest: 
calcium carbonate (calcite) and water. 

The earliest work in this system is that of McCrea,® 
who measured variations in O'8/O'8 of calcite pre- 
cipitated inorganically from aqueous solutions at 
temperatures from —1° to +80°C. He developed a 
chemical procedure for extraction of oxygen from 
carbonates by reaction with 100% H3PO, to produce 
carbon dioxide. The carbon dioxide thus formed is 
suitable for isotopic analysis of carbon, and for meas- 
urements of variations in O'8/O"§ of the carbonate. The 


* This work was supported in part by a grant from the National 
Science Foundation. 

1H. C. Urey, J. Chem. Soc. 1947, 562. 

2S. Epstein and T. Mayeda, Geochim. et Cosmochim. Acta 4, 
213 (1953). 

3S. Epstein, R. Buchsbaum, H. A. Lowenstam, and H. C. Urey, 
Bull. Geol. Soc. Am. 64, 1315 (1953). 

4R. N. Clayton and S. Epstein, J. Geol. 66, 352 (1958). 

5 J. M. McCrea, J. Chem. Phys. 18, 849 (1950). 
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procedure cannot be used to determine the absolute 
O8/O'§ of the carbonate, since the reaction yields 
stoichiometrically only two-thirds of the oxygen, which 
is fractionated from the original oxygen by a factor a 
(constant at constant temperature) : 

CaCO;+ 2H*+—Cat-+ CO.+ H,0 


(QO O'*) co, 


Soe : . 
(O8/0"8) caco, 


Since a measurement of @ was not available at the time 
of McCrea’s work, he was able to determine only the 
temperature coefficient of the equilibrium constant K 
for the reaction: 


1 CaCl ars 16 Ho on t CaCc )3¢5)'8-+ HeO,y'6 
(O'8/0"5) caco, 


(OO O'S) too 


assuming random distribution of the various isotopic 
species of carbonate ion. For McCrea’s purpose, the 
establishment of an oxygen isotope “thermometer” 
for ocean phenomena, the temperature coefficient was 
all that was needed. 

Epstein et al.? measured variations in O'8/O"* ratio of 
calcite deposited by marine organisms in the formation 
of their shells. The data cover the range from +7° 
to +30°C, and are in substantial agreement with 
McCrea’s experimental results. 

Measurements at higher temperatures were made by 
Clayton,® who recrystallized calcite in water in a high- 
pressure apparatus at temperatures from 190°C to 
750°C, the upper limit of stability of calcite in water.’ 
On a graph of InK vs 1/T°, all the data of Clayton and 
of Epstein ef al.’ fall on a single straight line (see 
footnote 6, Fig. 2). Since it is known theoretically® 
that isotopic exchange equilibrium constants are pro- 
portional to 1/7? in the high-temperature limit, this 
straight line was extrapolated to infinite temperature, 
giving a value for a, the analytical fractionation for 
extraction of CO». from CaCO3. The value determined 
was a=1.00750 at 25°C. 

6R. N. Clayton, J. Chem. Phys. 30, 1246 (1959). 

7P. J. Wyllie and O. F. Tuttle, J. Petrology 1, 1 (1960). 

8 J. Bigeleisen and M. G. Mayer, J. Chem. Phys. 15, 261 (1947). 
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OXYGEN ISOTOPE 

This value of a@ is in disagreement with the estimate 
of 1.01000 made by Clayton and Epstein. They deter- 
mined the O'8/O'* ratio of COs liberated from MnCOs 
by the phosphoric acid procedure, and the total O'8/O'%8 
by carbon reduction of MnCO; by a technique not 
applicable to CaCO . The assumption was then made 
that the value of a determined for MnCO; applied also 
to CaCO. It was clear, however, that a direct meas- 
urement of a for CaCO; was necessary. Such a measure- 
ment requires a chemical procedure for complete extrac- 
tion of the oxygen from calcium carbonate. 


EXPERIMENTAL PROCEDURE 


A procedure was devised for the total extraction of 
oxygen from calcium carbonate. It is based on the 
reaction 


6 CaCO3+4BrF3—6CaF.+ 2Bre+6CO2+ 302, 


This reaction was found to proceed cleanly and quanti- 
tatively at 125°C with no observable production of CF, 
or COF; or any other oxygen-containing compounds. 

The procedure was similar to that described by 
Tudge® for extraction of oxygen from phosphates. A 
sample of 20-40 mg of calcium carbonate was weighed 
into a Kel-F reaction tube attached to a vacuum system 
of monel construction. After evacuation, about 30 cc 
NTP of reagent was frozen into the tube. The reagent 
was a mixture of unknown proportions of BrF; and 
BrF;. It contained no measurable oxygen. The stoi- 
chiometric excess of reagent was about 5:1. The reac- 
tion tube was heated in a furnace for two hours, and 
the product gas extracted through a trap cooled to the 
freezing point of ethyl alcohol, — 112°C. At this temper- 
ature, bromine and excess BrF; and BrF3 were con- 
densed, but COs and Os were not. 

The oxygen-carbon dioxide mixture was collected by 
means of a Toepler pump and its volume determined. 
Carbon dioxide was removed from the mixture by 
circulating the gas through a trap at liquid nitrogen 
temperature. The volume of carbon dioxide was deter- 
mined and the gas was analyzed isotopically. 


TaBLe I. Total oxygen isotope analysis of calcite. 


5c09 Total 5¢ 


—0.34 


.80 


07 


Average —9.96% 


9A. P. Tudge, Geochim. et Cosmochim. Acta 18, 81 (1960). 


FRACTIONATION 


TABLE II. Experimental equilibrium constants for 
CaCO3(e)—H20cp. 








10° 7-2 InK K 





12.74 0.03220 
12.59 0.03175 
12.38 0.03138 
12.29 0.03093 
12.08 0.03042 
12.04 0.03024 
11.87 0.03000 
11.71 0.02925 
1E.55 0.02901 
11.51 0.02882 
10. 0.02733 
0.00947 
0.01023 
0.00772 
0.00808 
0.00489 
0.00249 
0.00188 
0.00228 
0.00242 
0.00128 
0.00163 
0.00078 
0.00009 
0.00035 


.03273 
.03226 
.03188 
.03141 
.03089 
.03071 
.03045 
.02968 
.02943 
.02924 
.02771 
.00951 
.01028 
.00775 
.00811 
.00490 
.00249 
.00188 
.00228 
.00242 
.00128 
.00163 
.00078 
.00009 
.00035 
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® Data from 7°-30°C from Epstein et al. (footnote 3). 
> Data from 190 


750°C from Clayton (footnote 6). 

The oxygen fraction was converted to carbon dioxide 
by passing it over a piece of carbon heated to a very 
dull red by a radio-frequency induction furnace. Car- 
bon dioxide was removed in a cold trap as it was 
formed. The oxygen was circulated over the carbon 
until it had all reacted, as shown by a thermocouple 
vacuum gauge. The reaction is quantitative and iso- 
topically reproducible. The volume of carbon dioxide 
formed was measured and the gas was analyzed iso- 
topically. 

The isotopic analyses were done using a 6-inch, 60° 
sector, double-collecting mass spectrometer.” Relative 
values of O'8/O'8 were determined to +0.1% , and are 
reported as deviations from a standard in parts per 
thousand: 


(O8/O!6) sample 


j= - —1 41000. 
‘(O?/O**) standard 


All data have been corrected for mass spectrometer 
mixing and C variations, according to the formulas 
given by Craig." 

The two gases produced by BrF; reacting with CaCOs 
were found to differ considerably in isotopic composi- 
tion. The carbon dioxide fraction has an O'8/O'* ratio 
to that of the acid-liberated carbon dioxide, 
whereas the oxygen fraction has an O'8/O"* ratio almost 
30% lighter. The isotopic composition of each frac- 


( lose 


0 C, R. McKinney, J. M. McCrea, S. Epstein, H. A. Allen, and 
H. Urey, Rev. Sci. Instr. 21, 724 (1950). 
11H. Craig, Geochim. et Cosmochim. Acta 12, 133 (1957). 
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Experimental equilibrium constants for CaCO 


tion varied by one or two per mil from run to run, but 
the total isotopic composition of the oxygen plus carbon 
dioxide was very reproducible. The C'/C™ ratio of 
the carbon dioxide fraction was found to be identical 
with that in acid-liberated carbon dioxide. 


RESULTS 


The results of six analyses of a single calcite sample 
are shown in Table I. 

Analyzed relative to the same standard, the mean of 
three samples of CO: produced by phosphoric acid 
treatment of the sample was 6= —0.07%, 


(08/0) aco, 


- 1000 = —9.89 
(08/08) co, 


ea Y TOM 


(O/0"8) co, 


a= ~ 
(O8/0') caco, 


= 1.00999 


and 
Ina=0.00994. 


Using this value of a, the data of Clayton® and of Ep- 
stein et al.’ have been recalculated to give absolute 
values of the exchange equilibrium constant. Table II 
shows the experimental values of K, and in Fig. 1, 
InK is plotted against the reciprocal of the square of 
the absolute temperature. 


DISCUSSION 


There is a “crossover” in the isotopic fractionation 
between calcite and water, occurring at 750°C. It was 
ignorance of this effect which led to the incorrect 
extrapolation to infinite temperature in the earlier 
determination of @ for the acid reaction with carbon- 
ates.® The crossover is not unusual in isotope exchange 
reactions,! and will occur when the phase which concen- 
trates the lighter isotope at low temperatures has higher 
vibrational frequencies than the phase concentrating 
the heavier isotope. In particular, for exchange reactions 
involving water, most other oxygen compounds con- 
centrate O8 relative to water at room temperature, 
and these will all show a crossover at higher tempera- 
ture. 

The equilibrium constant at 25°C for isotopic ex- 
change between calcite and liquid water is 1.02855 
and an empirical equation which fits the experimental 
data over the range 0°-750°C is 


InK = 27307-?—0,00256. 
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Electronic population analyses for selected diatomic molecules of the first row of the periodic table are 
tabulated. The tentative value of population analyses in relation to accuracy of approximation is discussed 


briefly. 


BACKGROUND 


HE idea of electronic population analysis was pro- 

posed by R. S. Mulliken in 1955 and the theory 
developed (in terms of LCAO MO molecular wave 
functions) in a close succession of four papers.' Analyses 
of a few diatomic molecules, for which limited LCAO 
MO functions were available at the time, were pre- 
sented and discussed, correlating bonding and anti- 
bonding character of the various molecular orbitals and 
the total overlap population, with known chemical 
behavior. 

Although plausible correlations have been made, the 
general validity and predictive value of such analyses 
has remained open to question since their proposal. 
Nonetheless, the simplicity of the underlying ideas has 
had widespread appeal, which no doubt goes far to 
account for their wide acceptance and use since publi- 
cation. Population analyses should be used with con- 
siderable caution and reserve until their significance 
has been thoroughly explored. A theoretical demon- 
stration from first principles would be most desirable. 
However, just as acceptable would be demonstrations 
involving families of compounds, wherein the trend in 
the computed population indices can be shown to 
parallel the trend in chemical behavior, e.g., change in 
binding energies, ionization potentials, electronega- 
tivities, electron affinities, dipole moments, force 
constants, and the like, as the periodic table is spanned 
laterally or vertically. Such correlation has necessarily 
awaited the mass calculation of wave functions, a 
technical problem that has only recently been solved. 
The analyses in the Appendix are the first body of data 
available for checking the meaningfulness of popula- 
tion analyses. However, care must be exercised in their 
use for the following reason. 

The wave functions were calculated in a single 
determinant limited LCAO MO approximation [which 
means that only inner and valence-shell Slater type 
orbitals (STO’s) were used]. These functions give a 

* This work was assisted by the National Science Foundation 
and by the Office of Ordnance Research under contract with the 
University of Chicago. 

1R. S. Mulliken, J. Chem. Phys. 23, 1833, 1841, 2338, 2343 
(1955). Overlap and “net” atomic populations had already been 
in use for some time; see R. S. Mulliken, Revs. Modern Phys. 


41, 66 (1932); J. Chem. Phys. 3, 573 (1935), Eqs. (38), (39), 
and (42). 


good account of some properties (e.g., total energies, 
ionization potentials, certain of the spectroscopic con- 
stants), poorer account of others (e.g., dipole moments 
quadrupole moments, the remaining spectroscopic 
constants), but (for readily understandable reasons) 
an unsatisfactory dissociation energy. 

Improvement of these functions would consist (ac- 
cording to present ideas), (1) of expanding the basis 
set sufficiently so that (with or without ¢ variation) a 
close to accurate analytical solution to the Hartree- 
Fock equation is obtained; (2) inclusion of configura- 
tion interaction (CI). 

Setting aside the problem of CI and how it affects 
the interpretation of population analysis, the effect of 
expanding the basis set on the atomic and overlap 
populations requires exploration. In all probability the 
various indices (bonding and antibonding character of 
each MO, the net populations and overlap population ) 
change as the function is improved by basis set expan- 
sion and ¢ variation. However, we do not know how 
significant the change may be. Meager information 
exists for H. (where a close-to-accurate—using the 
criterion of total energy—molecular Hartree-Fock 
function is available) ; for a few hydrides where a larger 
basis set was employed, i.e., 1s, 2s, 2p0 and 2pm, for 
both hydrogen and the other component atom, though 
not yet large enough to provide a good approximation 
to a molecular Hartree-Fock function; and for LiH 
and HF using Hartree-Fock AO’s.? 

Consequently any comparisons or correlations made 
with these functions must be considered tentative until 
such a time as accurate analytical molecular functions are 
available for comparison. 


DEFINITIONS 
The reader is directed to the basic papers for an 
extensive treatment of the basic theory and its applica- 
tion. It is sufficient for our purposes that a summary 


of definitions corresponding to a single LCAO MO 
electron configuration be given here. 


k, 1=indices denoting atoms & and / 


r, s=indices denoting orthonormal AO’s x, and 
x; on atoms k or / 


2 A.M. Karo, J. Chem. Phys. 31, 182 (1959). 
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RANSIL 
=total gross population in AO x, 
N= dN ‘)= DON (re) 
i rk 
= total electron population. 


THEOREMS: 


(1) Overlap populations which represent sums over 
all MO’s [e.g., (rx, 52), m(k, 1), and m] are invariant 
with respect to any orthogonal transformation among 
the occupied LCAO MO’s in the given configuration. 

(2) Similarly V(r), N(R), and N are invariant with 
respect to orthogonal transformation of the occupied 
MO’s. 


NOTATION AND CONVENTION OF TABLES 


The tables contain gross atomic and overlap popula- 
tions for the LCAO MO diatomic wave functions re- 
ported earlier in I and II.‘ All previous conventions and 
notation related to construction of these functions hold 
here, with one exception. The wave functions were 
tabulated in terms of nonorthogonal STO’s; but the 
atomic and overlap populations given here are calculated 
using orthogonal STO’s. This was done because the 
individual n(i; r.), n(t; r., 5.), etc., are nol invariant 
under the transformation from nonorthogonal to or- 
thogonal basis set, and it is preferable to work with 
orthogonal partial populations. 

A lengthy discussion of these results tabulated in the 
Appendix, in terms of s— promotion, polarity, bond- 
ing and antibonding character, covalent and_ ionic 
bond character, is in preparation. 
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STUDIES IN MOLECULAR STRUCTURE. If! 
APPENDIX 


TABLE Ia. Gross atomic populations in LiH (R,=3.015 a.u.). 


Lsyi 2513 5 Isq N (i; Li) N (4; H) 


0.001 1.999 0.001 
1.309 0.691 1.309 


lotals 
N( "k) 


0.001 


1.313 
Best atom 


0.001 


1.353 
Best limited MO 


otals 
N( ry) 


TABLE Ib. Overlap populations in LiH. 


Ispi, Is 2szi, Ise 


.002 0.000 


.020 0.408 
Slater 


.002 0.000 
020 0.406 


Sest atom 


0.406 


0.000 


0.414 
Best limited MO 


Totals 
n(rx, St) -0.020 
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TABLE Ila. Gross atomic populations in BH (R,=2.329 a.u.). 


Isp 2sp 2pon lsq 


0.000 —0.001 
0.204 0.871 
0.870 0.251 


r) 


.000 —0.001 
.188 0.856 
921 0.253 


RANSIL 


N (i; B) 


N (i; H) 


.001 
129 
749 


Best aton 


Potals 
N (rj 


0.000 
0.966 


0.840 
Best limited MO 


1.169 


1.108 


0.000 
0.797 
0.227 


1.024 


TABLE IIb. Overlap populations in BH. 


Isp, sq 


-0.003 
—0.007 


—(0).003 
Slater 


-0.013 


—0.002 
—0.007 
—0.003 
Best atom 
Totals 
n(rK, Si —0.012 


—0.001 
—0.005 


—0.002 
Best limited MO 


—(0).008 


2sp, Isy 


0.000 
0.603 
—0.799 


—0.196 


0.000 
0.603 
—0.714 


0.000 
0.540 
—0.561 


-0.021 


2 pon, Is 


0.000 
0.219 
0.513 


0.000 
0.211 
0.522 


0.000 
0.232 
0.461 


0.693 


—0.003 
0.815 


—0.289 








STUDIES IN MOLECULAR STRUCTURE. 


TABLE IIIa. Gross atomic populations in NH* (R,=1.976 a.u.). 


Isx 2sn 2pon 2prn lsyq 


III 


N(i;N) 





lo 0.000 —0.001 
2e 0.079 0.540 


Ix 


Totals 
N (rx) 0.079 0.539 


lo : 0.000 
20 : 0.081 
ln 

Best atom 


Totals 


N (rx) 0.081 4.000 


Best limited MO 


4.000 





2.001 
1.460 
4.000 


2.000 
1.618 
4.000 


7.618 








® Excited 1Z* state. 


TABLE IIIb. Overlap populations in NH. 








Isn, 1sy 2sn, Isy 





2pon, lsq 





—0.002 0.000 


2 —0.003 0.536 
Slater 


Totals 
n (rx, St) 


Best atom 
Totals 


M\Tk, St) 


lo —0.001 


2e —0.001 
Best limited MO 


Totals 
‘M(Tk, St) 








0.000 
0.077 


0.077 


0.000 
0.076 


0.076 


0.000 
0.068 

















FRAGA 


[ABLE IVa. Gross atomic populations in HF (R,=1.733 a.u.). 


2sy 


Isp 


0.000 
1.777 


0.170 


0.000 
1.799 
0.159 


0.000 
1.794 


AND 


Bi 


2 por 


0. 


U: 


1 


0 
0 
1 


000 
025 
180 


000 
028 


Bp 


0.000 


1 


).026 
258 


si 


RANSIL 





2prr Isyq N(t; F) 





—0.001 
0.197 
0.650 


.001 

.803 

.350 
000 


0.001 
0.197 
0.650 


154 


.000 
0.173 
.608 


Pas_E IVb. Overlap populations in HF. 


1s 


F,; Isy 


0.001 


—0.001 


0.004 


0.006 


~0.001 
-0.001 
0.003 


0.001 
0.001 
0.002 


—0.004 


2sp, 1 SH 


0.001 
0.291 
—0.029 


261 


—0.001 
0.265 
0.117 


0.381 





STUDIES IN MOLECULAR STRUCTURE. 


TABLE Va. Gross atomic populations in Li, (R,=5.051 a.u.). 








di 


lo, i 0.000 
loy é : —0.004 
20, 0.186 
Slater 
Totals 
Gs ‘ P 0.186 
Cu . -Q), —0.004 
N (rx) ; 0.182 


lo, ° x 0.000 
loy ‘ —O, —0.004 
2a, : 0.196 
Best atom 
Totals 
Gs : : 0.196 
Ou —0.004 
N (rx) 0.192 


lo, ; : 0.000 
lo, ; —0.001 
20,5 H 0.164 


bho bo bo 


Best limited MO 
Totals 
Lr) ‘ d 0.164 
Cu —0.001 
N (rx) : i 0.163 


TABLE Vb. Overlap populations in Lis. 





lo, 0.000 000 0.000 000 
lo, 0.000 .013 —().007 —0.002 -Q. 000 
20, 0.000 .017 006 0.622 .013 
Slater 
Totals 
Go 0.000 .013 —0.006 0.622 i .013 
Oy 0.000 .013 —0.007 —0.002 ; .000 
n (rk, Sr) 0.000 .026 —0.013 0.620 , .013 


lo, .000 .004 001 0.000 : .000 
loy .000 .012 -0.007 —0.002 2 .000 
20, 000 —0.017 -0.007 0.626 013 
Best atom 
Totals 
o> .000 013 .006 0.626 ; .013 
Cu .000 .012 —0.007 —(0.002 : .000 
n(rk, St) 000 .025 013 0.624 ; .013 


lo, .000 0.004 .000 0.000 000 
lo, .000 —0.008 —().002 —0.001 ; 000 
20, 000 ~0.017 ~0.005 0.649 016 
Best limited MO 
Totals 
o% 0.000 —0.013 005 0.649 E .016 
Cu 0.000 —0.008 -0.002 —0.001 : .000 
n (rx, St) 0.000 —0.021 .007 0.648 .016 














S. FRAGA AND B.'Ji. RANSIL 


PABLE VIa. Gross atomic populations in 


Bee (R=3.780 a.u.). 








1s 





003 
002 
.709 
.606 


Noh Nb 


.706 
.608 
3.314 


002 
.003 
.697 

614 


Ihre NS Ne bh 


699 
611 
3.310 


002 
.002 
731 


742 
Best limited MO 


TaBe VIb. Overlap populations in Bes. 


Isa, 255 1sa, 2por 2sa, 2pon 
; - + 
155, 250 155, 2poa Sa, 25 25, 2poa 


A. 


—(0.008 —0.006 —0. -~0.001 
0.003 0.001 : 000 
i -0.014 —0.007 ’ .308 
2ou ‘ -0.008 0.003 —1. .579 
Slater 
Totals 
Og : —0.022 —0.013 Hae 307 
Cu : —0.005 0.004 ; .579 
n(rz, St) 0.027 —0.009 -Q. 886 


lo, : 003 0.001 ; .000 
lo, , —().008 —0.006 -Q. ~0.001 
20, : .014 —0.008 : .318 
2o, ; —0.010 0.004 —1.44: .575 
Best atom 
Totals 
oo : —0.011 —0.007 .318 
Cu : .018 —0.002 a .574 
n(rx, St) ; -0.029 —0.009 -0. 892 


.003 0.001 ; .000 
.006 —0.003 .000 
.014 —0.006 ; . 260 


.015 0.003 —1. .404 
Best limited MO 


lotals : 

o, O11 —0.005 .260 0.035 
Cu ; —0.021 0.000 .67 .404 —0.027 

n(Tx, St) ; -0.032 —0.005 664 0.008 














STUDIES IN MOLECULAR STRUCTURE. III 


TABLE VIIa. Gross atomic populations in C2 (R,=2.3475 a.u.). 








$i 1 2s 2pe 





log 
low 
204 
2eu 
lay 


0.000 
—0.003 
.340 
S11 


oon 
S383 


Slater 
Totals 
% 


-mNmdS 
n> 


oy 
N (rx) 


lo, 
lou 
20, 
2ou 
lry 


2888 888 


Hm DO bo be tO 


Best atom 
Totals 
o% 


mrt 
RS 


23 
wu 
, 
Ne 


ou 
N (rz) 


— 
o] 
Oo 
oo 


lo, 
low 
20, 
2eu 
lr, 


38) 


em DO Dh bh DO 


Best limited MO 
Totals 
%% 





TaBLeE VIIb. Overlap populations in Cs. 











1s¢, 2% Isa, 2por 25a, 2pos 
rs 


= + 
oi Y 155, 250 1%, 2poa 2S, 2% 2, 2po. 2poa,2pon 2pma, 2pm n(t) 





lo, : 0.003 0.001 0.000 0.000 0.000 0.004 
lou : —0.007 —0.005 —0.001 —0.001 0.000 -0.014 
2a : —0.015 —0.009 0.490 0.334 0.041 0.841 
2ou —0.005 0.003 —1.090 0.674 —0.076 0.494 
lry 0.961 


Totals 
oy : —0.012 , 0.490 0.334 0.845 
Cu ; —0.012 . —1.091 0.673 —0.508 
n(re, St) F —0.024 —0.601 1.007 1.298 


lo, : 0.002 0.000 0.000 ‘ 0.003 
low . —0.006 : —0.001 —0.001 ) —0.013 
2o9 , —0.015 0.486 0.351 ; 0.854 
2eu ; .—0.005 —1.094 0.694 —0.475 
17, 1.011 


Slater 


Best atom 
Totals 
oq ‘ —0.013 . mS 0.042 0.857 
Ou : —0.011 : —0.073 —0.488 
n(rx, St) ? —0.024 ; —0.031 1.011 1.380 


lo, } 0.003 3 ; 0.000 0.003 
lou —0.005 , ; 0.000 —0.007 
2a, —0.014 ; : 0.046 0.805 
2eu ~0.012 —0.051 —0.921 
Inu 0.976 0.976 
Best limited MO 
Totals 
og 0.000 —0.011 es ; 0.808 
Cu 0.000 —0.017 : ; —0.928 
n(rk, St) 0.000 —0.028 se A 0.856 











FRAGA AND B. J. RANSIL 


TABLE VIIa. Gross atomic populations in Nz (R,= 2.068 a.u.). 


1s 2po 


000 
002 
496 


524 


wt both ht be 


504 


tw 


Q99 
003 
002 
001 


000 
Best limited MO 


990 





STUDIES IN MOLECULAR STRUCT 


TaBLe VIIIb. Overlap populations in No. 


sa, 2s Isa, 2poy 
A a 
, 135 155, 25, 155, 2poa 


0.003 .001 
006 —0 004 
.O12 -0.010 
002 .001 


005 —0.013 


004 
008 
O12 


Best atom 


Best limited'MO 
Totals 
Gy 


ou 


OOO 
O00 
401 


606 


S44 


443 


606 


223 


2poa, 2 por 2pra, 2pm, 


0.880 


0.880 


000 
000 
075 
O86 


462 


537 
O86 
451 


0.911 





FRAGA AND B: J. RANGSIL 


PanLe TXa. Gross atomic populations in F: (R,=2.680 a.u.). 





1s 2s 2 po 


0.000 .000 
0.000 .000 

.933 .067 
1.950 .050 


.067 .933 


& Mo kf KH NH Ww tv 


emo PMH bd Nh 


2 
) 
? 

2 

2 

4 
9 

2 

4 








STUDIES IN 


MOLECULAR STRUCTURE. III 


Tas Le I[Xb. Overlap populations in F2. 











Slater 


% 
Ou 
n(rx, St) 


Best atom 


% 
% 
n(rx, $1) 


In, 
Best'limited MO 
Totals 
% 
oy 
n (Tk, St) 





$a 2sp 


) 2por 
“f- 


a 
ls: 2% 15, 2poa 


yt ey 


25a, 2pos 


235, 2p¢a 2poa, 2por 


2pra, 2pm 





0.000 
0.000 
0.000 


0.000 
0.000 
0.000 


0.000 
0.000 
0.000 


0.000 
0.000 
0.000 


0.000 
0.000 
0.198 
—0.253 


0.014 


0.212 
—0.253 
—0.041 


0.000 
0.000 
0.208 
—0.268 


0.015 


0.223 
—0.268 
—0.045 


0.219 
—0.262 
—0.043 


0.000 
0.000 
0.065 
0.064 


0.000 
0.000 
0.005 
—0.004 


—0.130 0.296 


—0.065 
0.064 
—0.001 


0.000 
0.000 
0.068 
0.065 


—0.141 


—0.073 
0.065 
—0.008 


0.316 
—0.004 
0.312 


—0.079 
0.069 
—0.010 


0.334 
—0.004 
0.330 





0.180 


—0.197 


—0.017 


0.196 


—0.217 


—0.021 


0.190 


—0.209 


—0.019 


0.000 
0.000 
0.279 
—0.197 
0.190 
0.195 
—0.209 








Best atom 


1 
i 


Isp 


000 
.999 
.001 

001 
.O00 


.000 
000 
001 
001 
000 


sp, lsp 1 


000 
000 


.000 
000 

000 
000 
000 


0.000 
0.000 





.005 
.002 
.000 


FRAGA 


AN DS. 


RANSIL 


PABLE Xa. Gross atomic populations for BF (R,=2.385 a.u.). 


) 
“9B 


0.000 
0.000 
0.090 
0.264 
1 


0.000 
0.000 
0.078 
0.269 


1.353 


) 


000 
000 


2pon 


.001 


000 


.104 
.065 


507 


2prp 


Isp 


2s F 


0.001 
0.000 
1.764 
0.149 
0.000 


0.000 
0.000 
1.791 
0.144 
0.000 


CABLE Xb. Overlap populations in BF. 


2sy sp, 2poy 


0.000 
0.000 


-0.001 
—0.006 


0.000 


0.007 


—0.007 


.000 
000 
005 
.002 
.000 


—0.003 
—0.003 


0.000 
0.000 
0.001 


~0 007 


0.001 


0.009 


—0.009 


2sp, 1s 


) 


“5B; 2 


2s¢ 


Sp, 2por 2popn, 1s¢ 





0.000 
0.000 
0.128 
—0.190 
0.108 


—0.160 
—0.160 


0.000 
0.000 
0.010 
0.229 
0.198 


0.002 
0.002 


N (i; B) 


—0.001 
.999 
.195 
.330 
.878 


545 


946 


000 
000 
040 
543 


136 


2pon, 25¢ 2por, 2por 2pon, 2prr 


0.000 
0.000 
0.162 
-0.133 
0.076 


0.105 
0.105 


0.000 
0.000 
0.137 
0.114 
0.068 


0.091 
0.091 





2.001 
0.001 
1.805 
1.670 
0.122 
3.455 


9.054 


2.001 
0.000 
1.837 
1.687 
0.136 


3.477 


9.138 


0.393 


0.402 


tH DOH DH dO bo 


n(t) 
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TABLE XIa. Gross atomic populations in CO (R,=2.132 a.u.). 








2s 


c 2poc 2prc 1so Ss 2pro N(i;C) N(#;0O) NZ) 





0.000 —0.001 —0.001 2.001 —0.002 2.002 
2.001 0.000 0.000 0.000 —0.001 2.001 .001 
0.001 0.290 0.201 0.001 1.354 0.492 .508 
0.000 0.482 —0.008 0.000 0.483 0.474 .526 
0.000 0.907 0.767 0.000 0.005 1.674 .326 

1.250 .750 


ww Dh hb bo dO 


Slater 
Totals 
N (rx) : 0.959 


lo 0.000 .000 —0.001 2.001 0.000 
2o 2.000 .000 0.000 0.000 0.000 
sa 0.001 .270 0.187 0.001 1.374 
4o 0.000 .479 —0.010 0.000 0.483 
50 0.000 912 0.753 0.000 0.006 


In 


mmm NH hw NY 


Best atom 
Totals 


N (rx) 0.929 


TABLE XIb. Overlap populations in CO. 





k) ‘,2poo 2sc, 150 2sc,250 2sc,2poo 2poc,|so 2 pac,2s50 2poc,2poo 2pxc,2p7o n(t) 








.000 0.001 . .000 —0.002 0.000 
.000 0.000 : .000 0.000 0.000 
004 0.002 : 067 —0.002 0.246 
006 0.003 —O0. 429 —0.001 —Q0.084 

5e 004 0.002 = 416 —0.002 —0.040 

ln 

Slater 
Totals 

oT —0.014 = O80 

014. = - O80 


lo 000 000 0.001 0.000 
2o 001 000 0.000 ; 0.000 
3o ; 010 ~0.005 —(0.002 .282 0.069 
4o : 004 -0.006 —0.003 - 0.438 
5e0 p 000 -~0.005 0,002 0.441 
\nr 
Best atom , 

Totals 
oT 0.000 -Q.007 016 - 0.006 

n(rz, 51) 0.000 —0.007 —0.016 0.066 











TABLE XIIa. Gross atomic populations in LiF 


FRAGA AND B. 


J. RANSIL 


(R, 2.85 a.u.). 





2 poi 2prri 


Isp 





2s¢ 2por 2por N(i;Li) N(i;F) N(i) 





Ir 


Totals 
Nin 


Ir 
Best atom 


Totals 


lo 
2e 
3a 
4o 


Ir 


Totals 
oT 
n (rx, St) 


lo 

20 

3e 

40 

lr 

Best atom 

Totals 

oT 
/ \ 
N\Tk, St) 


0.000 
1.993 
0.004 
0.003 


0.000 
1.993 
0.004 
0.003 


2.000 


Isa, lsp 


0.000 
0.000 
0.000 
0.000 


0.000 
0.000 


0.000 
0.000 
0.000 
0.000 


0.051 


0.000 
0.000 
0.053 
0.021 


.000 

-000 

.000 

.000 
0.679 


0.074 0.679 


0.000 
0.000 
0.041 
0.016 
0.613 


0.057 0.613 


TABLE XIIb. Overlap populations in LiF 


.000 
.002 
004 
.931 


-000 2.000 
0.006 
1.912 
1.945 


3.321 


— mM dX vy 


.950 3.387 





1s4,2sp 


0.000 
0.004 
—0.010 
0.001 


—0.005 
—0.005 


0.000 
0.004 
—0.011 
0.001 


1s,,2pop 2s,,25B 


2sa,1sp 





0.000 
0.004 
—0.001 
—0.015 


0.000 
0.000 
0.000 
0.000 


0.000 
0.000 
0.051 
—0.014 


—0.012 
—0.012 


0.000 
0.000 


0.000 
0.000 


0.030 





2sa,2pon 





2poa,lsp 2poa,2sp 2poa,2pon 2pra,2prp n(i) 


0.000 
0.000 
0.000 
0.024 


—0.001 
0.000 
0.000 
0.000 


0.000 
0.000 
0.091 
—0.019 


0.000 
0.000 
0.001 
0.023 


0.322 


0.000 
0.000 
0.074 
—0.015 


0.020 
0.020 


0.000 
0.000 


0.059 


0.059 0.314 0.424 
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Results of luminescence studies on chelates of La’+, Sm*+, Eu®+, Gd*+, Tb**, Dy**, Tm**, Yb**, and Lu** 
are reported. It is shown that the intramolecular energy transfer efficiency is a sensitive function of the rela- 
tive positions of the resonance energy levels of the ions and the metastable triplet states of the complexes. 
In the case of Eu** it is demonstrated that, by a proper choice of ligands, it is possible to selectively excite 
only the lowest resonance level of the two existing resonance levels of this ion. Coupling of the rare earth 
ions to the ligands is discussed, and a comparison is made between the optical properties of rare earth ions 


in chelates and in inorganic salts. 


INTRODUCTION 


NTRAMOLECULAR energy transfer in rare earth 
chelates under excitation by near ultraviolet light 
has been the subject of several investigations. The 
phenomenon was reported by Weissman! and later by 
Sevchenko e¢ al.? who studied chelates of europium, 
samarium, and terbium with various ligands. It was 
found that excitation of a metal complex in the region 
of light absorption associated primarily with the ligands 
of the complex resulted in a high yield of linelike 
“atomic” emission characteristic of the metal ion. It 
was shown by Weissman! for europium chelates and 
corroborated by Crosby and Kasha* for ytterbium 
chelates that direct excitation of the metal ion was not 
responsible for the line emission, but that intramolec- 
ular energy transfer from the electronic states associ- 
ated with the complexes to localized intra-4f shell 
energy levels of the ions was involved. In this paper 
we propose to establish the path of energy migration 
in rare earth chelates. 

The similarity of the chemical properties of the 
lanthanides, combined with the comparative insensi- 
tivity of the 4f electrons to the environments of the 
ions, makes the chelates of the rare earths ideal systems 
for studying the general problem of intramolecular 
energy transfer to complexed metal ions. 

There are two obvious methods for studying energy 
transfer in the rare earth chelates: (1) varying the ion 
bound by a given ligand, and (2) varying the ligand 
binding a given ion. Both approaches have been em- 
ployed in this investigation. Attention is focused on the 
relatively bright line emitters, samarium, europium, 
terbium, dysprosium, thulium, and ytterbium. [A 
spectrographic study of all thedibenzoylmethide chelates 
of the trivalent rare earth ions (except promethium 
and cerium) has been completed (R. E. Whan and 
G. A. Crosby) and will be published elsewhere. This 


1S. I. Weissman, J. Chem. Phys. 10, 214 (1942). 

2A. N. Sevchenko and A. K. Trofimov, J. Exptl. Theoret. 
Phys. (U.S.S.R.) 21, 220 (1951); A. N. Sevchenko and A. G. 
Morachevsky, Izvest. Akad. Nauk, S.S.S.R. (Ser. Fiz) 15, 628 
(1951). 

3G. A. Crosby and M. Kasha, Spectrochim. Acta 10, 377 
(1958). 


latter paper discusses in more detail the characteristics 
of some of the spectra involved here and contains 
photographs and densitometer traces of luminescences 
observed from this series of compounds ]. 


EXPERIMENTAL 
Preparations and Analyses 


The following method of preparation was employed 
for all the chelates used in this investigation. A solution 
of the rare earth chloride (in ethanol, water, or meth- 
anol) was treated with a solution of the chelating agent 
in the same solvent. (Rare earth oxides were obtained 
from Research Chemicals, Burbank, California and 
the Institute for Atomic Research, Ames, Iowa). The 
precipitation was accomplished by the addition of 
piperidine. Whenever possible the chelates were recrys- 
tallized from an appropriate solvent (methanol, 
ethanol, or acetone) and either air dried or vacuum 
dried. 

Analyses of the chelates were performed for metal 


and/or ligand and were consistent with the expected 
theoretical values. 


Spectroscopic Measurements 


For luminescence studies all chelates were dissolved 
at a concentration of ~10~°M in a solution of five parts 
ether, five parts 3-methylpentane, and two parts 
absolute ethanol by volume. 

The 3-methylpentane (Phillips pure grade) was 
purified by passing it through a column of silica gel. 
The absolute ethanol (USI Company absolute pure 
ethanol, reagent grade) was distilled from Mg(OEt)>. 
The ether (Mallinckrodt anhydrous grade) was found 
to exhibit no luminescence under the excitation wave- 
lengths and exposure times employed and was used 
without further purification. 

The solutions were frozen to clear rigid glasses at 
liquid N2 temperatures and were irradiated with a 
General Electric, 1000 w, water cooled, high pressure 
AH-6 lamp equipped with a Pyrex water jacket. The 
spectra were recorded using a Steinheil Universal GH 
spectrograph equipped with three glass prisms adjusted 


743 





744 CROSBY, 


TABLE I. Filter combinations used for excitation of chelate 

luminescences (cf. Table II). 
First 

absorption 
band 

) ET Te, 


Filter 
transmission 
range in A 


Compound* Exciting light filter (approx) 


MB 3200 =CuSO,,> 5840,° 9863 3100-4000 


MD. 3500 CuSO,, 5840, 5970 3200-4000 


MT; 3300 CuSO,, 5840 3000-4000 


AnAc 3300 KCr(SO,)o,4 9863, 9863 2800-3700 


M (8HQ); 3700 = CuSO,, 5840, 5840 3000-4000 


M (2Me8HQ 3500 CuSO,, 5840, 5840 3000-4000 


* Abbreviations: M B=benzoylacetonate ion, D 
jibenzoylmethide ion, T 
8HQ 

» CuSOs 


rare earth trivalent ion 
-tribenzoylmethide ion, AnAc 
uinolate ion, 2Me8HQ=2-methyl 


5H2O, 100 g/liter 5 cm patl 


anthranilate ion, 


8-hydroxyquinolate ion 


Corning code number, std. thickne 


*KCr(SO 12H2O, 30 g/liter 5 

for maximum aperture (approx. {3.5). Eastman 
103a-F, I-L and ammonia hypersensitized I-M_ photo- 
graphic plates were employed. The latter type was 
needed for photographing the Yb** line emission only. 
Argon and neon reference spectra were used for cali- 
bration. 

The phosphorescence spectra were obtained by the 
use of a modified Becquerel-type phosphoroscope with 
a calculated resolution time of ~10~* sec. The total 
emission spectra were obtained using near front-surface 
illumination. 

Filters were selected for exciting the molecules with 
light corresponding to the wavelengths of the lowest 
energy absorption bands of the complexes. Filter 
combinations used are listed in Table I. 

Microphotometer traces of the plates were obtained 
using a Jarrell-Ash automatic recording microphoto- 
meter. 

Absorption spectra were measured using either a 
Beckman model DU spectrophotometer or a Cary 
model 14 recording spectrophotometer. The absorption 
spectra were taken at 20°C in absolute ethanol. 

RESULTS 


The luminescence spectra obtained from all the 
chelates studied are classified in Table II. 

As indicated in Table II, a majority of the chelates 
exhibited molecular band emission. This emission 
consisted of both fluorescence and phosphorescence; 
and except for the very strong line emitters, both types 
of band emission could be photographed. Especially 
for chelates of lanthanum, gadolinium, and lutetium, 
the phosphorescence emission was relatively strong 
and well defined and could be readily photographed 
through the phosphoroscope. In all cases the shortest 
wavelength phosphorescence band was assumed to be 
the O-O transition, and the position of this band in 
wave numbers is reported in Table III. 
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As indicated in Table III, the error in measurement 
of the triplet level is considerably smaller for diben- 
zoylmethide and benzoylacetonate chelates than for all 
the others reported. For every series, the band emissions 
from chelates of La*+, Gd**, and Lu** were substantially 
stronger and better defined than from chelates of the 
other ions of the same series. It was also noticed that the 
Gd**+ chelates exhibited enhanced phosphorescence- 
fluorescence ratios compared to chelates of the other lan- 
thanides.* Within a chelate series, significant red shifts 
of the phosphorescence spectra for the La+, Gd**, and 
Lu’+ compounds were observed, compared with the 
phosphorescences observed from chelates of other ions. 

Accurate measurements of the triplet states for 
chelates of the other ions were hampered by several 
factors. In many cases interfering bright line emission 
from the ion precluded any measurement of the triplet 
at all. In other cases, the phosphorescence spectra were 
ill defined. For the anthranilates, there was no discerni- 
ble structure at all for any chelate and only the broad 
band maxima have been reported. 

The 8-hydroxyquinolates and 2-methyl-8-hydroxy- 
quinolates presented special problems. They dissolved 
only at elevated temperatures resulting probably in 
increased dissociation and decomposition. The phos- 
phorescence from the parent chelating agent was ex- 
tremely weak in both cases. The phosphorescence was 
enhanced upon chelation with La*+, Gd*+, and Lu’**, 
but it was not sufficiently intense from chelates of the 
other ions to obtain reliable spectra. Although very 
weak phosphorescences were photographed under 
prolonged exposures (400 yu slit, 8 hr, f 3.5 optics), the 
measurements were discarded, since it was observed 
that these rare earth chelates do not obey Beer’s law, 


TABLE IT, Classification of luminescence spectra of rare earth 
chelates under ultraviolet excitation.* 


Chelate>-« 


MB; 


La Sm Eu Gd Tb Dy Tm Yb 


eM: Es 2 8 ee Sa 
MD B CL BOL CB 
MT; ) a ae 
M(AnAc); B CL CB B 
M (8HQ); B ‘LB BBB 


CLeoe Bb 8 


M (2Me8HQ); B 


* Refer to Table I for excitation wavelengths. 

> Refer to Table I for definitions of abbreviations. 

© In some cases our preparative methods yielded solvates of the chelates 
listed, especially for the first half of the series (La** through Gd**). The fact 
that solvates were obtained is deemed unimportant since a hydroxylic glass was 
used in all cases, and the precise nature of the species in solution is not known. 

4 B=molecular fluorescence and phosphorescence band emission only. L= 
line emission characteristic of the lanthanide ion with only negligible molecular 
band emission. C=combination of both band and line emission of comparable 
intensity. CL=combination of band and line emission with lines predominating. 
CB=combination of band and line emission with bands predominating. 


~ +P. Yuster and S. I. Weissman, J. Chem. Phys. 17, 1182 (1949). 
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TABLE III. Triplet state energy levels for rare earth chelates.* 





Chelate La Gd 


MB; 


21 386 
+25 


21 566 
+50 


21 395 
+25 
MD; 20 292 
+25 


20 691 
+50 


20 350 
+25 
MT; 20 695 
+25 
22 045 
+100 


M (AnAc);3» 21 758 


+100 


22 160 
+100 


M(8HQ); 17 850 


+50 


17 667 
+50 
17 818 
+50 


M (2Me8HQ); 17 980 


+50 


21 939 


Tb 


Average 


21 436 21 480 


+50 


20 467 
+50 


20 593 
+50 


20 547 


+50 


520 


20 833 
+150 
22 694 
+100 


765 


22 148 
+100 


22 261 
+100 


22 099 
+100 


135 
+100 


17 755 


+50 


18 214 
+50 


® It is tacitly assumed in this paper that the energy levels responsible for the phosphorescence of the complexes are triplet states. As S. I. Weissman has pointed 
out [J. Chem. Phys. 18, 1258 (1950)], these states are not pure triplets, but should be described by wave functions containing admixtures of ion spin states. This 
would complicate the nomenclature unnecessarily, and we prefer to label the metastable states as triplets. It is recognized that such considerations may prove 
to be of paramount importance for a quantitative interpretation of energy transfer in these systems 


> No discernible structure, band maxima reported. 


decompose upon standing in solution, and undergo 
photolysis with long exposure to ultraviolet light. 

Preliminary work was performed on many other 
chelates (salicylaldehydes and derivatives, o-amino- 
phenol, hydroxybenzophenone derivatives, hydroxy- 
quinones, etc.). Many of these were not suitable for 
study because preparations yielded in some cases 
uncertain products, some compounds were quite 
unstable, some were extremely insoluble, and others 
decomposed rapidly in the exciting light. 

The data reported in Table III are believed to be 
reliable because the emission spectra were sufficiently 
well defined and/or intense and reproducible. 


DISCUSSION 
Comparison with Rare Earth Ion Luminescences 


It has been established that the anhydrous chlorides 
of all the rare earth ions exhibit line fluorescence upon 
direct excitation of the ions with near ultraviolet light®; 
however, only Sm**, Eu*+, Gd*+, Tb**, and Dy** emit 
strongly in hydrated crystals. The emissions from 
coordinated Eu**, Gd**, and Tb** are especially bright, 
those of Sm*+ and Dy** somewhat weaker, while the 
remaining ions fluoresce only weakly or not at all.® 

Excitation of chelates of the lanthanides in the region 
of the ligand absorption spectrum also results in line 
emission from the rare earth ions. The variations in 
the intensities of the line emissions from ion to ion 
parallel closely that observed for the hydrated inorganic 
salts. This can be seen clearly by perusal of the data in 
Table IL. In particular, the luminescence from the 
benzoylacetonates consists of strong line emission from 
the Eu*+, Tb**, and Dy*+ compounds and weaker line 

5 F. Varsanyi and G. H. Dieke, J. Chem. Phys. 31, 1066 (1959). 

6G. H. Dieke and L. A. Hall, J. Chem. Phys. 27, 465 (1957). 


emission, in addition to band emission, from the 
chelates of Sm**, Tm**, and Yb**. (The anomalous case 
of gadolinium will be discussed later.) Similar behavior 
was observed for the dibenzoylmethides with the strik- 
ing exception of the Dy*+ and Tm** chelates which 
exhibited band emission exclusively in marked contrast 
to the corresponding benzoylacetonates. The 8-hydroxy- 
quinolates and the 2-methyl-8-hydroxyquinolates of 
only two ions, Eu** and Yb*", exhibited line emission. 
Especially notable in these series is the absence of 
bright line emission from the Tb** ion, since its emission 
was exceedingly intense in all other cases. 

Previous investigations employing both absorption 
and fluorescence experiments on rare earth inorganic 
salts have located the principal resonance levels of the 
ions. These are tabulated in Table IV. 


Role of the Triplet State 
Basic Requirement for Energy Transfer 


The lanthanide ion resonance levels from Table IV 
and the triplet state energy levels for the chelates listed 
in Table III are plotted in Fig. 1. 

An explanation of the puzzling differences in the 
luminescence efficiencies of the rare earth ions as the 
ligands are varied is revealed in a comparison of the 
emitting (resonance) energy levels of the ions with the 
corresponding lowest triplet state energies of the 
complexes. It is immediately apparent by comparison 
of the relative energy level positions in Fig. 1 with the 
observed spectral data in Table II that the requirement 
for line emission from a given chelate is the lowest 
triplet state energy level of the complex must be nearly 
equal to or must lie above the resonance energy level of the 
rare earth ion. 
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TABLE IV. Resonance levels of rare earth ions. 





\pproximate positions 
of the resonance levels 
cm? 


Reference 





17 800 
17 2508 
19 020 
32 066 
20 430 
20 958 


21 222 
21 300 
20 946-21 


10 300 
10 300 





E. V. Sayre and S. Freed, J. Chem. Phys. 24, 1213 (1956). 


G. H. Dieke and L. Leopold, J. Opt. Soc. Am. 47, 944 (1957). 

H. F. Geisler and K. H. Hellwege, Z. Physik 136, 293 (1953). 

G. H. Dieke and S. Singh, J. Opt. Soc. Am. 46, 495 (1956). 

G. A. Crosby and R. E. Whan, Naturwissenschaften 47, 276 (1960). 


U. Johnsen, Z. Physik 152, 454 (1958). 
H. Gobrecht, Ann. Physik 31, 600 (1938). 


G. H. Dieke and H. M. Crosswhite, J. Opt. Soc. Am. 46, 885 (1956). 
G. A. Crosby and M. Kasha, Spectrochim. Acta 10, 377 (1958). 





® This ion exhibits two well-established emitting states 


Individual Ions 


In all cases, the triplet states of the chelate lie above 
the resonance level of the Yb** ion, and the latter 
exhibited line emission from all compounds. 

The position of the resonance level of the Tm** ion 
has not been determined accurately because the ion 
fluoresces very weakly in most hydrated inorganic salts. 
Line emission was obtained from the benzoylacetonate 
of Tm**, and a measurement of the highest frequency 
line places the resonance level at’ approximately 21 200 
cm™!, This agrees with measurements by other workers 
(See Table IV). Line emission was obtained also from 
the tribenzoylmethide chelate of this ion, but molecular 
band emission only was obtained from the other com- 
pounds studied. The triplet level of the benzoylaceton- 
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Fic. 1. Resonance levels of the ions are indicated by solid 
half-circles underneath the level. Measured triplet state energies 
for the complexes are indicated by solid lines. Dashed lines con- 
nect the energy levels for a series of chelates with the same ligand. 


7G. A. Crosby and R. E. Whan, Naturwissenschaften 47, 276 
1960). 


ate complex lies above the resonance level, and that of 
the tribenzoylmethide chelate is coincident with it 
within experimental error. Although the triplet state 
of the anthranilate complex definitely lies above the 
Tm** resonance level, we were unable to determine 
whether or not Tm** lines were present because of the 
intense interfering molecular band emission from the 
complex falling in the same spectral region. This 
difficulty is compounded by the fact that the efficiency 
of energy transfer to the ions for the series of anthrani- 
lates is the lowest of all the complexes studies. This may 
be due to the more ionic character of the bonding. 

As reported previously, chelates of the Dy** ion 
show remarkable variations in luminescence properties.* 
The suggested dependence of line emission on the posi- 
tion of the triplet state relative to the resonance level 
of the ion is further substantiated by the additional 
results reported here. Although the triplet level of the 
tribenzoylmethide chelate is indicated to be below the 
Dy** resonance level, it is very near to the latter, and 
it was impossible to distinguish the relative positions 
more accurately. 

Chelates of Tb**, one of the brightest line emitters 
of all the rare earths, exhibit the expected behavior. 
An intense green Tb** line emission is observed from 
all chelates having the lowest triplet level above the 
resonance level of the ion, and only band emission is 
observed from the others. 

All gadolinium chelates showed intense well-defined 
molecular phosphorescence band emission. In the hy- 
drated inorganic crystals this ion is reported to be the 
brightest emitter of all the rare earths.’ Using our 
experimental apparatus we found it was energetically 
impossible to excite this ion directly or by energy trans- 
fer from either the singlet or triplet states, which 


8G. A. Crosby and R. E. Whan, J. Chem. Phys. 32, 614 (1960). 
°G. H. Dieke and L. Leopold, J. Opt. Soc. Am. 47, 944 (1957). 
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satisfactorily accounts for the absence of any Gd**+ 
line emission. 


Exceptional Case of Europium 


The Eu** ion forms an exception to all the other rare 
earth trivalent ions in that it fluoresces strongly from 
two well-established resonance levels.”® All the chelates 
of this ion exhibited strong line emission; however, only 
line emission originating from the lower resonance level 
at 17 250 cm™ was observed from the 8-hydroxyquino- 
late and its 2-methyl derivative. In all the other cases, 
line emission originating from both resonance levels 
was observed. Since only the metastable triplet states 
for both the 8-hydroxyquinolate and the 2-methyl-8- 
hydroxyquinolate chelates lie between the two Eu’* 
resonance levels, this establishes conclusively that the 
intramolecular energy transfer from the complex to the 
chelated Eu** ion is via the lowest triplet state or a 
nearby excited state. 

Line emission was observed from Sm** chelates, 
whose triplet states definitely lie above the Sm** 
resonance level. Measurements of the phosphorescences 
of the 8-hydroxyquinolate and the 2-methyl-8-hydroxy- 
quinolate chelates of La**, Gd**, and Lu** locate the 
triplet states close to the Sm** resonance level. Since 
the latter ion does not emit lines from these compounds, 
we place the corresponding triplets of these Sm** 
complexes a posteriori below 17 800 cm™. (Since a slight 
red shift occurs in the phosphorescence of the ligand 
parent molecules upon chelation, the triplet level of 
8-hydroxyquinoline should lie very near to this value. 
The extremely weak phosphorescence of this molecule 
seems not to have been reported previously. ) 


Quenching 


Luminescence efficiencies of the rare earth ions upon 
direct excitation of the ion in hydrated inorganic salts 


vary widely. Especially the ions praseodymium, 
neodymium, holmium, and erbium do not fluoresce or 
fluoresce very weakly. The low yield of line emission 
from these ions has been attributed to internal quench- 
ing through strong coupling of the ion with the crystal 
lattices, whereas weaker coupling with the lattice is 
suggested for the more efficient line emitters.® 

In chelates a similar variation of line intensity is 
observed (when the triplet state is above the resonance 
level of the chelated ion). Since the compounds are 
chemically similar and relatively stable, we postulate 
an almost uniformly strong coupling between the 
ligands and the central metal ion for all chelates of the 
same series. High luminescence yields of lines, especially 
from Eu** and Tb**, indicate efficient energy transfer 
from the triplet state. We believe that energy transfer 
to the other ions is efficient also. For the latter ions, 
however, the energy is rapidly dissipated through exist- 


10. V. Sayre and S. Freed, J. Chem. Phys. 24, 1213 (1956). 
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ing low-lying energy levels of the ions. For the efficient 
emitters large energy gaps exist between the resonance 
levels and the lower excited states; and consequently, 
the radiative processes compete favorably with the 
nonradiative ones.'' This is consistent with the general 
observation that nonradiative processes become less 
efficient whenever large quanta of energy must be 
dissipated. 

These deductions are substantiated by estimates of 
relative quantum yields obtained from comparisons of 
exposure times. It was observed generally that the total 
yields of molecular band emission (phosphorescence 
and fluorescence) from chelates of La**, Gd*+, and 
Lu**, which have no low-lying 4/ energy levels, were 
markedly higher than the corresponding yields from 
other chelates, especially those of Prt, Nd**, Ho**, 
and Er**. These latter ions possess numerous closely 
packed excited states which provide paths for efficient 
quenching of the excited states of the complexes. 

Both the reported experiments and those of Yuster 
and Weissman show a dependence of fluorescence yields 
and phosphorescence yields upon the metal ion. Our 
experiments also demonstrate, however, that the 
dependence of the latter is much more pronounced than 
that of the former. Thus, although the total yield of 
molecular band emission varies markedly with change 
of the central ion, we attribute this change primarily 
to the efficiency of quenching of the triplet state. 


Transfer Mechanisms 


Excitation of the central metal ion by direct transfer 
of energy from the first excited singlet state is energeti- 
cally possible, but the reported experiments show this 
path to be unimportant. Either the 4f electronic levels 
of the rare earth ion do not couple with the vibronic 
levels of the first excited singlet state, or transfer 
processes depending upon such coupling are not com- 
petitive with other processes which depopulate the 
state, i.e., vibrational internal conversion, fluorescence, 
and intersystem crossing to the triplet state. 

Once the complex undergoes intersystem crossing to 
the triplet states, radiative decay is spin forbidden and 
thus much slower, and the nonradiative process—energy 
transfer to the ion—is then competitive. 

A possible explanation of the mechanism of energy 
transfer is through vibrational coupling between the 4f 
excited states of the ion and the lowest triplet. Sche- 
matic representations of three alternatives are given 
in Fig. 2. 

Case A represents the situation where the resonance 
level of the ion is definitely below the triplet state and 
transfer can occur from the zeroth vibrational level of 
the latter state to some vibronic state of the metal ion. 
Case B shows the similar situation regarding the relative 
positions of the energy levels, but crossing does not 

"DP. S. McClure, Solid State Physics (Academic Press, Inc., 
New York, 1959), Vol. 9, p. 456. Especially Fig. 18A, B, C, and D. 
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Bond distance ——? 
Fic. 2. Schematic representations of potential energy surfaces. 
T labels triplet state potential curve. M labels a 4f electronic 
level of the metal ion in the ligand environment. Horizontal lines 
represent vibrational spacing (schematic). 


occur from the zeroth level of the triplet but from some 
higher vibronic level. In case C the resonance level is 
indicated to be slightly above the triplet state. 

If case A is a valid representation of the potential 
energy surfaces involved, the mean lifetime of the line 
emission (when observed) must be equal to or greater 
than that of the triplet state, for as long as the triplet 
state is populated transfer will occur from the zeroth 
vibrational level to a vibronic level of the metal ion. 
For cases B and C, the observed lifetimes of the lines 
and phosphorescence bands would be independent of 
each other, since transfer can only occur as long as the 
higher vibrational levels of the triplet are populated. 
Once complete internal conversion to the zeroth level 
of the triplet occurs, energy transfer to the ion is no 
longer possible, and the mean lifetimes of the metal 
line emission and the phosphorescence band emission 
are independent. Qualitative observations indicate that 
for some chelates, the line emission is significantly 
shorter-lived than the phosphorescence, supporting the 
second alternative. Lifetime studies on complexes are 
being initiated in order to distinguish between these two 
possibilities. For two of the compounds, TmT; and 
DyT3, case C cannot be eliminated because of the errors 
inherent in the measurement of the triplet state energies 
and the uncertainty of the exact positions of the 
resonance levels of the ions in the respective environ- 
ments. For these two compounds the separation of the 
two potential well minima is certainly within 300 cm. 
The participation of a higher electronic state of the 
complex (possibly a higher triplet or a spin-orbit com- 
ponent of the lowest triplet 
process cannot be ruled out. 

Another interpretation of the intramolecular transfer 
phenomenon, suggested by Sponer,” involves a charge- 


in the energy transfer 


2 H. Sponer, Radiation Research, Suppl. 1, 571 (1959). 
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transfer followed by a Forster type mechanism.” 
According to this argument a significant red shift of 
the phosphorescence must occur especially for the Yb** 
chelates in order to sensitize the emission from the ion. 
No significant red shifts were obtained. 

The possibility of a pure Foérster type mechanism 
seems doubtful because the necessary condition of 
spectral overlap of the emission of the complex and the 
absorption of the ion is not always fulfilled. The observa- 
tion that line emission was weaker for the anthranilates, 
in addition to the work of Weissman on Eu** chelates} 
shows the efficiency of the energy transfer to be depend- 
ent on the nature of the ligand-metal ion bonds. This 
argues strongly for a transfer mechanism involving 
electronic orbital overlap. An electron exchange mech- 
anism of nonradiative energy transfer in which the 
total spin of the complex is conserved (such as dis- 
cussed by Dexter") seems appropriate. 


SUMMARY 


The results of spectroscopic studies on over 50 
chelates of trivalent rare earth ions are reported. 
Luminescences from the chelates upon excitation with 
ultraviolet light were photographed and classified into 
three categories: bright line emission characteristic of 
the rare earth ion, molecular band emission, and a 
combination of line and band emission. The lumines- 
cence efficiencies of the chelated rare earth ions were 
found to parallel closely those observed for the hydrated 
inorganic salts with certain marked exceptions. Meas- 
urements of the lowest triplet state energies of the 
complexes were made and compared with the reported 
resonance levels of the ions. It is concluded that energy 
transfer from the electronically excited complex to the 
rare earth ion is via the lowest triplet state or a nearby 
excited state of the complex. Quenching of the excited 
states of the complexes by the lanthanide ion is dis- 
cussed and mechanisms for the energy transfer phenom- 
enon are presented. 
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18 Th. Forster, Fluoreszenz organischer Verbindungen (Vanden- 
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A point-ion model and Slater free-ion wave functions have been used to calculate the crystal field splitting 
of the Fe* + ion 5D ground term in Fe;Al,(SiO4)3 garnet for various assumed charge distributions within the 
(SiO,)*~ ion. The best fit with Clark’s experimental data on absorption spectra is obtained with about 50% 
covalent bonding between Si and O, and with an effective nuclear charge for the Fe+ + ion about 10% less 
than that given by Slater’s rules. This estimate of the degree of covalency is consistent with that given by 
Pauling. The calculated pressure dependence of the optical absorption is in satisfactory agreement with the 


experiments of Balchan and Drickamer. 


I. INTRODUCTION 


HIS paper is concerned primarily with an investi- 

gation of the charge distribution in the (SiO,)* 
ion of garnet crystals as calculated from the observed 
Fet + optical absorption bands! by standard crystal 
field theory? neglecting electron spin. A secondary 
purpose is the explanation of the reported pressure 
dependence’ of the absorption band. 

The garnets of interest are of the type X;°+Y,.*- 
(SiO,4) 3", in which X may be Ca, Mg, or Fe, and Y is 
primarily Al. Such compositions occur frequently in 
geological formations like the minerals, grossularite, 
pyrope, and almandine. These garnets are cubic, 
belonging to the crystal class H 29.4 In the ideal struc- 
ture, they satisfy the Bragg-Pauling® structural rules 
for silicates, each divalent ion being surrounded by 
eight O atoms at the corners of a disphenoid, each 
trivalent ion being at the center of an octahedral array 
of O atoms, and each Si atom being the center of a 
regular tetrahedral array. The symmetry of the ions 
surrounding the Fe+*+ ion is orthorhombic (D.).* For 
this reason, the potential of the charge array at the 
central atom is strongly dependent on both the inverse 
third and fifth powers of the distance from neighboring 
charges. Thus, the field depends strongly on neighbors 
other than nearest, and, in particular, on the charge 
of the Si atoms in the next-nearest shell. Since this 
charge in turn depends on the degree of homopolar 
binding with the oxygen atoms in the nearest-neighbor 
shell, the field, and hence the splitting responsible for 
the optical absorption, is critically dependent on the 
degree of covalency in the silicate groups. 

We propose the use of the observed absorption, in 
conjunction with crystal field theory, to ascertain 
whether the point-ion model is capable of describing 
the observed absorption with a reasonable charge 

1 Sidney P. Clark, Jr., Am. Mineralogist 42, 732 (1957). 

2H. A. Bethe, Ann. Physik. 3, 133 (1929). 

3A. S. Balchan and H. G. Drickamer, J. Appl. Phys. 30, 1446 
(1959). 

4P. P. Ewald and C. Herman, ed., Strukturbericht 1, 364 
(1931); A. J. C. Wilson, ed., Structure Repts. 13, 365 (1950). 

5L. Pauling, The Nature of the Chemical Bond (Cornell Uni- 
versity Press, Ithaca, New York, 1945). 


distribution in the silicate groups. This procedure is 
feasible because the low symmetry of the orthorhombic 
field completely removes the degeneracy of the Fet + 
levels (in contrast to the more symmetric octahedral 
field which produces a degenerate doublet and a 
degenerate triplet). The five distinct levels of the 5D 
ground term give rise to three allowable absorption 
lines. We are therefore able to examine the effect of the 
charge distribution within the silicate ion and to 
eliminate the errors associated with certain scale factors 
in the theory. For instance, it is relatively unimportant 
that the optical absorption data are inexact and for 
minerals whose composition 1s not well known. 

Four major simplifications are made in the applica- 
tion of crystal field theory: (a) The ground state wave 
functions for the 3d° electron configuration of the 
unperturbed Fe* + ion are expressed as linear combina- 
tions of determinants of one-electron Slater wave 
functions®’?; (b) point-ion charge distributions are 
used; (c) the crystal structure of the garnets is as- 
sumed ideal; (d) the magnitude of the Stark splitting 
is assumed small compared to the term differences in 
the free ion but large compared to the spin orbit 
splittings within the various terms. 

The use of the same radial variation for all the one- 
electron 3d° wave functions is a good approximation 
for Fe.’ ; 

The point-ion charge model for crystal field calcula- 
tions has been recently discussed by Phillips,’ who has 
argued that the repulsive potential of the ligand orbitals 
cancels, to a high degree of accuracy, the extra at- 
tractive potential obtained when point-ion ligands are 
replaced by distributed-charge ligands. 

The distortion from ideality in garnet structures is 
relatively small* and varies from mineral to mineral. 
The effect of this distortion appears to be negligible 
compared to other errors. 

The product of the effective nuclear charge and the 
average spacing between the Fe+ + central ion and the 

6 J. C. Slater, Phys. Rev. 36, 57 (1930). 

7D. Hartree, The Calculation of Atomic Structure (John Wiley 
& Sons, Inc., New York, 1955). 


8 J. C. Phillips, Phys. Chem. Solids 11, 226 (1959). 
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nearest O ion can be used as an adjustable parameter; 
consequently, it is to be hoped that the uncertainties 
in these quantitatives do not affect the major con- 
clusions of the paper. 

The so-called medium-field approximation is good 
for elements belonging to the Fe group. 

The practical effect of spin-orbit coupling is to 
broaden the absorption lines. The energy of the ab- 
sorption lines is typically of the order of 3000-8000 
cm~', while the perturbation of spin-orbit coupling is 
about 200 cm~!. The lines will therefore have about a 
10% spread. 

In Sec. II, the crystal field potential is expanded in 
Tesseral harmonics. The matrix elements of the 
perturbation are calculated for a purely ionic crystal 
including contributions out to the eighth shell of ion 
neighbors. 

In Sec. ILI, we consider the effect of a relative 
division of charge between Si and O within the silicate 
ion. The matrix elements vary linearly with this 
division of charge and consequently the relative ener- 
gies of the absorption lines change. The best fit of the 
calculated relative energies to the observed energies is 
presumed to correspond to an assumed charge distri- 
bution approximating the actual charge distribution. 

Section IV is devoted to a calculation of the pressure 
dependence of the absorption, and Sec. V is an ap- 
praisal of the theoretical procedures and the validity 
of the experimental data. 


Il. THEORY 
The 


one-electron 


3d Slater wave functions are 
given by, 
dou (Rk) = R( re) Voss (Ox, Px) as(R), (1) 
where & indicates the &th electron. 
The radial function is 
R(r) = Nzagr’e, (2) 


where N3q’=(2a)7/6! and a=Zers/3 in reciprocal 
atomic units. According to Slater’s rules® the effective 
nuclear charge, Zerr= 6.25. 

The angular functions are the normalized Tesseral 
harmonics, 


Y rm (0, Y) jcosMy [( 1+6.10) x }}} Pim (0) 


Y pu (0,9 [sinMy (3)? |Pra(8), (3) 


where Pz(0) are the normalized associated Legendre 
polynomials. 
The spin functions are 
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In this paper we consider the splitting of the ground 
term under the action of the crystal field. The splitting 
of the configuration, 3d°, into the various terms is due 
only to the electron-electron interactions within the 
open 3d shell. Similarly, the crystal field splitting of the 
terms is not due to interactions with electrons of 
complete groups. Because we neglect spin-orbit cou- 
pling, all states of a single term have the same energy 
in the free atom. Under the action of the crystal field, 
Ms remains a good quantum number and we may 
divide up the 25 states of the ground term into five sets 
corresponding to the given Ms values. Any one of the 
sets may be used for our calculations. For the ground 
term the wave functions from the set Ms=2 will be 
merely single determinants.’ 

For example, one of the wave functions for the 
state Ms=2 is given by, 


®(*D) 
a2? Cai? Yao? Car" Yar go 
a2 Pa” . = . Gog” 
= (6!)4 (5) 
° ° ° . é own 
Yar ‘ ‘ ‘ } en®| 
| 


These wave functions may be represented_by the main 
diagonal of the determinants: 

D,= (aayayorrargBe) 

1 = (a2ayaqorrarzf;) 

Do= (agayaqarrayo) 

Pr = (avajagaxrashr) 

z= (aajagataxBz), (6) 


where the subindex on ® labels the 8-spin, one-electron 
function [see Eqs. (3) and (4) ]. 

The five functions with a spin make up a complete 
group and so we may calculate the perturbation levels 
with the (one-electron) functions: 


Po= ¢2 
P= 91 
y= Yo 
dy= ¢ 
Pz= oo. (7) 


Each of these functions, it must be remembered, repre- 
sents one state of all the six electrons. 
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Because each of the four rotational symmetries of D2 
forms its own class (identity, E, and 180° rotation 
about each axis, C,*, Cy”, C.*, all commute with each 
other), the group has four one-dimensional representa- 
tions (I'g, lz, Ty, ',, corresponding to the transforma- 
tions of a scalar and the x, y, z components of a vector, 
respectively), and the °D term splits up into five 
distinct levels.? The three wave functions g, gt, ¢2 
transform as I’,, I',, I',, respectively, while ¢g: and go 
belong to the invariant representation, Ig. Thus we 
must take the proper linear combinations of these last 
two field-free eigenfunctions so as to obtain the zeroth 
order wave functions appropriate to the particular field. 

By expressing the interaction energy by means of the 
Legendre expansion, 


@ @ l 
V(r)= >> >> DO ret5- Pim (8) 5 


j=1 l=0 m=0 


X[aim? cosome+bim’ sinmg], (8) 


where r<(rs) is the lesser (greater) of r, r;, and Q; is the 
charge of the field ions which are situated in a shell at 
distance 7; from the central Fett. 
Gm? and by,/ are given by 


Aim = 2(21+1) (2 —8n0) >, cosmesP m(8) 


The constants 


bint 


=4(2/+1)— > sinmeg,Pim(0;). (9) 


Here the summation is over all ions in the jth shell. 
In the Cartesian coordinates of the work cited 
footnote 4, the constants are 


Au~?= ya v2 
i 


a= 3(2/5)* QC (32/77) —1] 





Vo= =V2- 1A odo t+[( (10)! 17 A oda 


Vo= — (5)1/7 A cae 


V2 =v2-14 000 — [( 10) Ly 7]. { 220 


Vaz=V2- Apaw— [( 10) 4/7 A 209 


In a diagonalized scheme the matrix elements corre- 
sponding to Von and V» are 


Via=3(VootV22) —30(Voo— V22)?-+4 V 02 }* 


Vie= 2 ( Voot V2) +3L( Voo—V22)?-+4 Von" }. (15) 


It is convenient to measure distance in units of the 
edge of the unit cell, which for specificity we take to be 
11.50 A.4 Let r=8r, where 7 is the distance to the 
nearest oxygen neighbors in our new units, i.e., 0.2044. 


+(6/7v2) A 


+(7v2)— 
+(7V2) Asa 
Vinr=V2- A oaen+[ (10) 2/14] Aoaao+[ (15) #/14 JA ca00— (4/7V2 
Vrr=V2- A pao +[ (10) 4/14] A o@a9—[(15) 4/14 A on0— (4/702) 2 


EN Fe?! SHMAICATE 
d= (3/5)! OE (x 
‘ 


a497= (v2/8) ) Dig (32 (24/14) —10(22/r? 


d4o)=[(5)1/6 IC 


GARNETS 
?—y?)/r7?] 

)+1] 
?—y?)/17 JLT (z 
—[(35)! 12] C(x 
The matrix elements of the perturbation are then 


oo om” l 
Vuswe= >) DA Lami ff Pin Yom Yom: 


j=1 l=0 m=0 


é/r?)—1] 


Ou3= b+y'—6x2y2)/r/]. (10) 


Xcosmy sind dO dy. (11) 


The constants 6;,/ vanish for even / while the constants 
im? Vanish unless m and | are even because each j shell 
has the D. symmetry. 

The coefficients A,’ which result from the radial 
integration are given by 


r? 
= Ori Hf [R(r) Pr'+? dr 
0 


+r CRO) Pr ir}, (12) 


As a result of the angular integrations only /=0, 2, 4 
give nonzero contributions to Vagy-; thus, the ex- 
ponential terms resulting from the radial integrations 
are negligible and we get, 


! 
PO ta dni TO 


9 
(2a) Ty U4 6! (2 ar;) 


-I 
(Qi/r;). (13) 
The nonzero matrix elements are then (j super- 
index suppressed) : 


4040 


+(1 5) J ‘14 J. A 4042 


A 4auo 


) Agat+[ (5) 1/7 ]A dae 
[( 5)3/ 7 |. 4 4049. 


1 4A49— 


In these units a= 45.2 25 7 our choice of ca size ‘cad 
scales linearly with the latter. The matrix elements, 
Vo, etc., computed in these units, are converted to 
electron volts by the multiplicative factor 0.663. 
The contribution to A; from the jth shell is now 
given by, 
1 9=[(/+6) !/6!][0;/(2na8;)'] (By). (16) 


In Table I, we give the type of ion in the jth shell for 
=1 to 7=8, the value of Q; assuming the crystal bind- 
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TABLE I. The types of ions and values of 8;, Q;, and n; for the 
first eight shells surrounding a central Fe** ion, assuming com- 
pletely ionic bonding. 


j Ion Q; n; B; 

1 O —2 8 1.000 
> Si +4 2 1.223 
3 Al +3 4 1.367 
4 Si +4 4 1.498 
4’ Fe +2 4 1.498 
5 O —2 4 1.500 
6 O —2 4 1.589 
7 O 2 4 1.769 
8 O Z + 1.877 


ing completely ionic, the number of ions 7; in the shell, 
and the value of 6;. The corresponding values of dim 
for each of these shells is given in Table IT. 

If the indicated summations of contributions from 
successive neighboring shells to Vo, etc. are carried 
out, it is found that the accrued partial sums approach 
an estimable asymptotic limit in a damped oscillatory 
fashion. This behavior is illustrated in Table III for 
Voo whose behavior is typical of the other matrix 
elements. The coefficient of the r;' term converges so 
slowly that no reasonable estimate of the limiting value 
is possible. However, this coefficient is the same for all 
the matrix elements and merely determines the ‘“‘center 
of gravity” of the energy levels. Differences in energy 
which determine the absorption frequencies are un- 
affected by this coefficient. The convergence of the co- 
efficients of the 7,~* and r;* terms is sufficiently rapid 
to allow estimates of the limiting values satisfactory 
for our purposes if the first eight shells are included in 
the summation. 

Three strong absorption lines attributable to transi- 
tions between the levels of the *D term are predicted 
by the following selection rules. 

(a) Intercombinations for atoms satisfying Russell- 
Saunders coupling are prohibited.’ Transitions between 
levels of the same multiplicity are strongly favored if 
allowed by selection rule (b 

(b) The direct product of the symmetry representa- 
tions associated with the components of the matrix 
element must contain the identity representation I'g.!°:"! 

Since the field surrounding the central Fe+* ion is 
strongly orthorhombic (D,.), there is no inversion sym- 
metry and hence the usual selection rule for electric 
dipole transitions requiring the initial and final states 
to be of opposite parity is not applicable.’ Both a polar 


’G. Herzberg, Atomic Spectra and Atomic Structure (Dover 
Publications, New York, 1944). 
L. D. Landau and E. M. Lifshitz, Ouantum Mechanics (Ad- 


lison-Wesley Publishing Company, Inc., Reading, Massachusetts, 
1958 
. Kittel and J M 73, 162 


1960 


Luttinger, Phys. Rev 1948). 


( 
2 R. K. Verma, J. Geophys. Research 65, 757 
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vector and an axial vector transform according to the 
same representations in D2, Tz, Ty, T:. 

Transitions from the lowest level Vy. (Ig) to the 
next three levels Vu (Ty), Vrr(Tz), Vex(T.) are then 
allowed while a transition to V,2(I'g) is forbidden by 
electric dipole and magnetic dipole transitions. 

We anticipate the results of a detailed numerical 
comparison of theory and experiment, discussed in the 
next section, to remark that the completely ionic 
bonding, which we used to illustrate the theory in this 
section, does not give a satisfactory description of the 
observed behavior. 

In the first place, the energy differences calculated for 
completely ionic binding on the basis of our estimates of 
a and 7 are too low. Worse than this scaling error, 
however, is the fact that the separation between the 
predicted absorption lines is badly distorted. We note 
that this failure is hardly surprising in view of the 
extreme assumption of completely ionic bonding. In 
light of considerable chemical evidence,® it is to be 
expected that the (SiO4)4~ tetrahedra will be a charge 
distribution considerably different from that predicted 
by this model. Because the individual contributions of 
shells of identical ions is linearly dependent on the 
charge assigned to these ions, it is a relatively simple 
matter to adjust this charge empirically to fit the 
observed absorption lines. If we assume that the 
covalent bonding is predominantly within the (SiO4)*~ 
ions and that the positive ions assume their normal 
ionic valencies,® we may use one observed line to set the 
scale, one observed line to determine the degree of 
covalency, and the third line as a check on the validity 
of our model. This procedure is carried out in the next 
section. 


III. ENERGY LEVELS AS A FUNCTION OF COVALENCY 


The form of the undiagonalized matrix elements 


V po is 
Vpg= C/h+Dpq/T?+ Epg/11°. (17 


The omission of subscripts on C is a reminder of the 
fact that C is the same for all the matrix elements and 


TABLE IL. Values of the coefficients a;m for various shells 


j — doo/V2_ (5/2)4a29 (5/3)8a22 (3/V2)as0 (1/5) 8aq2 (5/7) baa 

1 8 —(). 266 0.297 0.401 0.834 1.254 

2 2 2.000 0.000 2.000 0.000 0.000 

3 4 —0 800 0.000 —O0.800 0.000 1.067 

{ 4 1.000 2.667 —0.514 0.074 —0.324 

4 1,000 —2.667 —0.514 -—0.074 —0.324 

5 1 0.068 2.440 -1.515 0.510 —0.474 

6 4 —1.672 2.905 0.731 0.299 —0.269 

7 4 3,272 0.348 1.832 0.209 —0.0004 
8 t 0.342 0.579 —1.690 0 


167 0.550 
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TABLE III. The coefficients of the terms 7:7, r:~, and 7,;~* in the matrix elements V 99 illustrate the nature of the oscillatory convergence 


of the partial sum to an estimated limit. 


V2— a0! A of 


~16.00 — 16.00 


6.54 —9.46 
3.78 
.68 


34 


consequently has no effect on the absorption frequen- 
cies. The values of Dg and Ey, vary linearly with the 
assumed charge distribution between the Si and O ions. 
We express this distribution through Q, the charge 
on the Si ion. If it is assumed that Q is +4 and that the 
charge on the O ions is —2, the bonding is completely 
ionic. If Q= —4 for the Si ion, the binding is completely 
covalent. The values of these quantities for Q= +4 and 
Q=—4, computed for 7/11.50 A=0.2044 and Zers= 
6.25, are given in Table IV. Using Eq. (17), we may 
easily compute the matrix elements V3, Vx», etc. which 
vary in the manner shown in Fig. 1, where the dashed 
curves correspond to Z,.s;= 6.25 and the solid curves to 
Zett= 5.20. 

The computed absorption energies correspond to the 
differences (Vu-—Vy1), (V2x—Vy1), and (Vrr—V ya), 


TABLE IV. The coefficients Dpz and pq and the matrix elements 
V pq in electron volts for the extreme values of the charge Q on 
the silicon ion. Calculated for a=45.25 and r;=0.2044. 


Q=-4 


.0X10°* 


Koo 
Det+5.3 


Dy—7 


1.6 


.62 
79 
Dee-+1.6 ‘+1 +0.28 
D»+6.0 


Dsx+6.0 


Doo+2.5X 1078 
Doe—0.8 

Du +1.9 
Dy1+0.6 


Dx2—2.5 


Foot+1.3X10- 
Ew +4.4 
By +4 .2 


o+0.33 
‘oo +0.03 
Vii+0.35 

Vrr—0.10 


V2—0.43 


hy j —5.8 
Ex2—4.7 
Dyg—2.5 E 


‘s3+5.0 Vex—0.15 


DjV2- a0 A 0 [ (10)3/7 ]d2o/ Ad z;[ { 10)3/7 | ao? A»? 


1.04 10-8 1 
54 
70 
ef. 


8. 


3V2/7) as Agi 2 j(3V2/7) ago As! 


04x 107% —1.72K10-5 


27 


.16 








i.e., the allowed transitions from the lowest level Vy 
to the accessible levels within the *D ground term. 
These absorption energies are plotted in Fig. 2 as a 
function of Q for the same two choices of Zerp used in 
Fig. 1. The horizontal lines in Fig. 2 represent the 
absorption energies experimentally determined by 
Clark.! They correspond to the three lowest and most 
intense peaks in the absorption spectrum. The complete 
set of observed peaks is given in Table V. 

In accordance with the program outlined in the 
introduction, we now seek to determine for what value 
of Q, if any, the calculated and observed absorption 
lines agree within the experimental error. An inspec- 
tion of Fig. 2 suggests that agreement might be achieved 
for some value of Z.s¢ intermediate to the two values 
used in our sample calculations in the neighborhood of 





Energy Level 


Fic. 1. Diagonalized matrix elements as function of Q for 
Zett=6.25 (dashed curves), Z.;¢=5.20 , and n= 


solid curves 
0.2044. 
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Q= -0.35 


Best Fit 
‘ eo ad 
Zt 57 


en Le 


Energy Difference(in e v) 





oie (eee ey (neon ee 
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Fic. 2. Variation of absorption energies with Q for Z.s,= 6.25 
dashed curves), Z.¢¢=5.20 (solid curves), and r;=0.2044. 


Q=0. A more precise analysis is aided by the observa- 
tion that agreement with the 2900 cm™ absorption line 
is only possible with Z..;=5.72 for any value of Q<1. 

Using the fact}that this value of Zr; is an average of 
the two values of Zers used in the calculations, by 
interpolation we find two new curves for the absorp- 
tion lines of higher energy. These curves come the 
closest to intersecting the horizontal lines simul- 
taneously at Q= —0.35 (marked by the vertical line). 
The intersections are within the squares in Fig. 2. In 
view of the fact that the observed lines have a width of 
approximately 10%, the agreement between experi- 
mental and theoretical values must be considered 
eminently satisfactory. The value Q=—0.35 corre- 
sponds to 54% covalent bonding in agreement with 
Pauling’s estimate of 50%. All these estimates should 
be taken cum grano salis in view of both the experi- 
mental and theoretical uncertainties discussed in the 


following. 
IV. THE PRESSURE DEPENDENCE OF AE, 


The dependence of the highest observable energy 
difference AF, (resulting from an allowed transition 
between levels within the °D term) on pressure has been 
measured by Balchan and Drickamer.’ It is, therefore, 
of some interest to estimate this dependence theo- 
retically. The logarithmic derivative of the energy 
difference AF; is given by 

0 InAF,/d InR= (AE;)—(0/d InR) (Vsx—Vya). (18) 


This derivative may be easily evaluated from Eqs. (17), 

(15), and the values of D,, and E,, given in Table IV. 

We find, 

0 INnAE,/d InR= —3—(2/AE,)re*} Exs— En— Ex 
+430 (Voo—V 2) ( Loo — E22) +4V 2 Foe | 


XC (Voo— V2)? +-4V 2? 7}. (19) 
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For Q=0, the numerical value of this derivative is 
3.82. 

To compare this estimate with experiment, it is 
necessary to know the compressibility of garnet. Un- 
fortunately, this quantity is not known for the sample 
studied by Balchan and Drickamer. Measurements of 
the volume compressibility and the elastic constants 
of a variety of garnets of different compositions are 
available. The exact composition of Balchan and 
Drickamer’s sample is not known but is specified as 
almandine from Gore Mountain, Essex County, New 
Jersey. Bridgman® has measured the volume of a sample 
of approximately the same composition to 40 kbars. 
Because the compressibility measurements are least 
accurate at low pressures, and because the pressure 
distribution in the quasi-hydrostatic stress used in the 
optical experiments is most uncertain in the same region, 
we have chosen to make our comparison by using the 
slope of V vs P, and AE vs P, near 40 kbars, the highest 
pressures for which the two experiments overlap. In 
this way, we find @InAE/d Inn=3.92+10% in ex- 
cellent, and possibly fortuitous, agreement with the 
theoretical estimate. 


V. DISCUSSION 


In this section, we address attention to the validity 
of our model and its application to the particular 
mineralogical data available. 

As remarked in the Introduction, a justification of 
the point-ion model has been discussed by Phillips. It 
is perhaps too early to say that this justification is the 
final word, particularly for systems as complex as the 
garnets, but in any case it is the only approach which 
can be used with facility. 

It may easily be shown that 3 states are not mixed 
with 3d states by the field with D. symmetry. Further- 
more, the 4s electrons are stripped from the iron atom 
by charge transfer to the O~ atom. An estimate of the 
effect of mixing with wave functions of excited free ion 
states indicates that errors from this source are not 
important. 


Tas_e V. Observed! absorption energies for various garnets 


Almandine Pyrope Grossularite 


2800 cm=! 


2900 cm 
6000 


2900 cm=! 
5000 
8000 

11 300 


6000 

7900 7900 
100 12 100 
400 14 300 
600 17 600 
000 20 000 
500 


3 P. W. Bridgman, Proc. Am 
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The assumption of ideality for the garnet structure, 
i.e., silicate ions with a regular tetrahedral arrange- 
ment, should not be serious because the major de- 
pendence of the energy levels on 7m has already been 
absorbed in the scale parameter (2¢8;7;). The remain- 
ing dependence on 7, is a scale factor which varies as 
ry, As a typical example we cite grossularite, for which, 
ideally, 7=0.2044. Actually, the eight nearest O~ 
neighbors are not all exactly equidistant; four have 
r,=0.199 and four have mn=0.196. Taking the maxi- 
mum difference from the ideal value of r; as a measure 
of the error, we should not introduce an uncertainty of 
more than 0.75% by this assumption. 

The value of the lattice constant varies with com- 
position which is, at best, uncertain. The maximum 
variation in this quantity is from about 11.5 to 12.0 A. 
For the same reasons given in the preceding paragraph, 
the uncertainty in composition should not introduce an 
error of more than 5%. 

We have assumed that all the covalency effects are 
confined to the silicate ion (SiO,).4~ Actually a certain 
amount of covalency will exist in the bonding between 
the Fe++ and Al* ions and the O7 ions. Pauling® 
estimates these effects to be less than 5%; it is quite 
possibly less. 

Taking into account all these sources of error, in- 
cluding the uncertainty in the estimate of the asymp- 
totic values of the oscillatory coefficients, we believe 
the calculation is good to about 10%. 

It is heartening that the three lowest lines observed 
in all the minerals are the most strongly absorbed. 
No other absorption of comparable oscillator strength 
is observed. The absorption lines near 12000 and 
14.000 cm™ may be due to other ions such as Mnt + 
or Fe**+ impurities, particularly since, in various 
different samples of pyrope, Clark found a significant 
variation in the strength of the absorption. The lines of 
higher energy which are more weakly absorbed could be 
transitions to states of other multiplicity weakly al- 
lowed owing to the perturbing effects of spin-orbit 
coupling and vibronic effects. We shall make no effort 
to give a detailed analysis of these lines. 

We turn now to a consideration of the calculation on 
the effect of pressure. In our previous discussion, we 
have avoided being specific about the compositions of 
some of the minerals. The almandine garnet used by 
Clark was of Indian origin whereas that used by 
Bridgman was from Gore Mountain, Essex County, 
New Jersey. The chemical analysis of Clark’s sample is 
given in Table VI where it is compared with those for 
two typical Gore Mountain samples studied by Levin." 
No analysis is available for the sample used by Balchan 
and Drickamer. 

Despite the wide variations in composition, we 
believe that the relative independence of the absorp- 
tion lines found by Clark on chemical composition (see 


4S. B. Levin, Bull. Geol. Soc. Am. 61, 519 (1956). 
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TaBLe VI. Compositional comparison of various almandine 
garnets.® 








Gore Mt.CT Gore Mt. XH 


Indian 


37.69% 





SiO» 
TiO. 
AlO; 


41.30% 
0.07 0.15 
20.62 78 
4.30 .80 
30.80 7.80 
1.97 .49 
4.40 -60 


FeO, 
FeO 
MnO 
MgO 
CaO 
H,0 0.36 

100.21% 99. 


Total 


Table V) lends some confidence to our comparison of 
theory and experiment. Similarly, Bridgman" has 
remarked on the striking similarity of compressibility 
data obtained on various garnet samples. Verma” 
and Ramachandra Rao® have measured the velocity of 
sound and thus deduced the elastic constants for a 
variety of garnets. Their data indicate a relatively 
strong dependence of these quantities on composition. 
However, it would appear that a large part of this 
variation is associated with the different masses of the 
varying constituents which accordingly affect the 
density. For this reason, we feel justified in our pro- 
cedure of using Bridgman’s data in analyzing the pres- 
sure dependence of AF). 

Finally, it would be noted that in our theoretical 
estimates of the pressure dependence of Aj, two 
further assumptions have been made. First, we have 
assumed that changes in ideality are unimportant. We 
believe that errors from these distortions are second 
order. Second, we have made the more blatant assump- 
tion that Z.¢¢ is independent of pressure. This assump- 
tion is tantamount to assuming that overlap (or, more 
correctly, changes in overlap) have no effect. 

It is unfortunate that data on more homogeneous 
samples are not available. It would be desirable to 
obtain such data to provide a more convincing test of 
the assumptions made in this calculation. Indeed if this 
calculation stimulates further experimental work on 
this and similar systems, it will have served a useful 
purpose. 


VI. SUMMARY 


The point-ion model for crystal field calculations 
gives some insight into the charge distribution in a 
partially covalent crystal if the crystal field splitting of 
atomic levels is calculated for various charge dis- 
tributions. Such a calculation has been carried out for 


4B. Ramachandra Rao, Proc. Indian Acad. Sci. A22, 194 
(1945). 
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the Fe++ ion in the garnet structure, using the fre- 
quency of one of three absorption bands for the em- 
pirical determination of the critical theoretical param- 
eter, a, and the ratio of the remaining lines to select the 
most plausible distribution of ionic charge. The results 
are consistent with the conclusions of Pauling con- 
cerning the degree of covalency in the silicate ion. 
The calculated pressure dependence of the optical 
absorption agrees within experimental error with the 
data of Balchan and Drickamer if one assumes that the 
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charge distribution, i.e., the degree of covalency, is 
independent of pressure. 
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A detailed study has been made of the linewidth and peak 
height of each of the five components in the electron spin reso- 
nance spectrum of the p-benzosemiquinone ion as a function of 
microwave power at X-band frequencies. Studies were also made 
of the spectrum of the peroxylamine disulfonate ion as a function 
of power. A 20% variation in the linewidths from one hyperfine 
component to another was found in the p-benzosemiquinone ion 
spectrum, and a 13% variation in the saturation parameters 
(Ti). The average value for the linewidth parameter at low 
power for the p-benzosemiquinone ion was found to be (1/72) = 
1.11 10® sec, and the reciprocal of the average value of the 
saturation parameter was found to be about (1/7) =0.74 10° 
sec". No variation in linewidths or saturation parameters among 
the three hyperfine components in the peroxylamine disulfonate 
ion spectrum was found, and the results were 7;=2.5X107 sec, 
and 7,=3.3X1077 sec. The variation in the linewidth of the 


I. INTRODUCTION 


FANHE conventional the electron spin 


resonance spectra of free radicals in solution pre- 


theory of 


dicts that the hyperfine components should each have 
intensities proportional to the degeneracy of the nu- 
clear spin states and should each have the same line- 
width saturation behavior. It was shown in a 
previous article,! however, that there actually is a 
variation in widths and saturation parameters from 


and 


one component to another. These data raise interesting 
questions about the mechanisms which produce line 
broadening and relaxation, and about the theory of 
saturation in complex multilevel systems. The present 
work was undertaken to obtain a quantitative descrip- 
tion of the line shape, linewidth, and saturation be- 

* This research was supported in part by the U. S. Air Force 
through the Office of Scientific Research. 

+ Present address: National Research Council, Ottawa, Canada. 

1]. W. H. Schreurs, G. E. Blomgren, and G. K. Fraenkel, 
J. Chen Phys. 32, 1861 (1960). 


p-benzosemiquinone ion can be accurately represented by a 
quadratic equation in my, the field-direction component of the 
total nuclear spin angular momentum, and the form of this 
equation is in excellent agreement with the linewidth predicted 
for a relaxation mechanism arising from an anisotropic intra- 
molecular dipolar interaction between the unpaired electron and 
the four protons in the molecule, as well as a rotational relaxation 
of the anisotropic g tensor. Good quantitative agreement be- 
tween theory and experiment is obtained for the coefficient of 
my, in the equation for (1/7.) if the rotational correlation time 
is taken to be r-=7X10~" sec, a value which is consistent with 
the molecular dimensions. The dependence of the saturation 
parameters on my is also in qualitative agreement with the 
theory, but quantitative discrepancies are found which have not 
been explained. 


havior for 
theories.?* 


comparison with recently formulated 
Measurements are presented on the spec- 
trum of the p-benzosemiquinone ion and, for com- 
parison purposes, the peroxylamine disulfonate ion. 

If the line shape of a component is Lorentzian, the 
linewidth and peak height presumably depend on 
microwave power in a well-known manner. The width 
(6;) between points of extreme slope (on a magnetic 
field scale) for the 7th component is! 


6;= (2/V3yT2;) A+YA2T) :T2:)3, (1.1 


and the peak height p,;, normalized for the degeneracy 
of the component, is 


pi=(1/c) Te (A+ 27) ;T2;)1. (1.2) 
The normalized peak height is the observed peak 
height of a component divided by the degree of de- 
2M. J. Stephen and G. K. Fraenkel, J. Chem. Phys. 32, 1435 
(1960). 
’—. Kivelson, J. Chem. Phys. 33, 1094 (1960). 





RELAXATION IN 


generacy of the component D,. In these equations 7); 
and 7»; are the spin-lattice (longitudinal) and trans- 
verse relaxation times, respectively, of the ith com- 
ponent; H, is the rf magnetic field; y is the gyromag- 
netic ratio of the electron; and c is a constant which 
depends: on the number of unpaired spins, the fre- 
quency at which the measurements are performed, and 
the sensitivity of the spectrometer. The notation 7); 
and terminology “spin-lattice relaxation time” are 
used for conventional reasons. The physical significance 
of 7); in the present application is that of a saturation 
parameter, not a relaxation time.'*? The saturation 
parameter Q; is related to 7); by 


T1;=D AQ. (1.3) 


It follows from Eq. (1.1) that a plot of the square of 
the width vs microwave power should give the straight 
line 


§2= (4/37?) (1/T2:)?+ (3) 2 (T1i/T2:). (1.4) 


From the intercept of this straight line, the transverse 
relaxation time 7; can be computed, and from the 
slope the ratio of relaxation times 7);/7»2; can be found. 
The spin-lattice relaxation time 7); can then be ob- 
tained by multiplying this ratio by the measured values 
of T2;. From Eq. (1.2) the reciprocal of the peak height 
should also give a straight line, 


(1 ‘p:) = (c/To;) teyv"HZTj. (1.5) 


If the experimental observations are properly described 
by Eqs. (1.1) and (1.2), the experimentally determined 
ratio of the intercept of Eq. (1.5) to the square root of 
the intercept of Eq. (1.4) for the ith hyperfine compo- 
nent should be a constant independent of 7 with the 
value (3)v3yc, and thus the value of c can be deter- 
mined from an average of the measurements on all the 
components. With c known, the experimentally deter- 
mined slope of Eq. (1.5) can be used to obtain the 
spin-lattice relaxation time 7),;. The ratios of slope to 
intercept obtained from experimental fits for the ith 
component to either Eq. (1.4) or (1.5) should both have 
the same value, namely y?71;T 2. 


II. EXPERIMENTAL 


A modified version of the X-band crystal super- 
heterodyne spectrometer described by Hirshon and 
Fraenkel was employed.* Power was varied without 
changing the detection sensitivity by using a two-at- 
tenuator arrangement, one preceding the magic tee 
bridge connected to the spectrometer cavity, and one 
following the output of this bridge. When the power 
was lowered by increasing the attenuation of the first 
attenuator, the attenuation of the second attenuator 
was decreased by a corresponding amount.’ A Varian 
a Hirshon and G. K. Fraenkel, Rev. Sci. Instr. 26, 34 

DO). 


5 We are indebted to Dr. G. Feher for suggesting this double- 
attenuator procedure. 
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type V-153C klystron was employed to provide power 
into the spectrometer cavity. 

A silver-plated brass rectangular reflection cavity 
operating in the TE:2 mode was used. The sample was 
contained in a 1.4-mm i.d. thin-walled melting-point 
capillary tube inserted through small holes in the 
center of the broad face of the cavity. With this type 
of sample placement, the rf magnetic field over the 
sample is constant over the length of the capillary, and 
the variation over the cross section is about 1%.! The 
resonant frequency of the cavity was m=¢9214 Mc, the 
volume was V,=10.70 cm’, and the ratio of length to 
width was (c/a)=2.014. If the rf magnetic field per- 
pendicular to the external steady field causing the 
Zeeman splitting is written as H =2H, coswt, the ex- 
pression for H,? becomes! 


H?=4.05X 10-70. eP inc, (2.1) 


where Oz is the loaded Q of the cavity with the sample 
in place in the absence of magnetic absorption, and 
Pine is the power incident on the cavity in milliwatts. 
In Eq. (2.1), H; is expressed in oersteds. The numerical 
values in Eq. (2.1) are only valid when, as in the present 
experiments, the reflection coefficient of the cavity is 
very small compared to unity. The incident power 
could be adjusted from very low values up to 100 mw; 
it was determined by means of a bolometer. 

A Varian model V-4007 electromagnet with 6-in. 
diam pole faces and a 2}-in. air gap with ring-shim 
pole caps was employed, together with a Varian model 
V-2200A power supply. Field modulation at 38 cps 
was provided by coils wound around the pole caps and 
powered by an audio amplifier driven by an RC phase- 
shift oscillator. Considerable difficulty was encountered 
in obtaining sufficient field stability to study the narrow 
lines (approx 60 mgauss) being investigated. Careful 
tuning up of the power supply, the inclusion of a volt- 
age regulator (Sorenson model 2501), the use of pres- 
sure-regulated cooling water, disassembly of the mag- 
net followed by cleaning and honing down of burrs, as 
well as careful tightening on reassembly, all helped to 
stabilize the field. In addition, however, it was found 
necessary to rotate the magnet through 90° about a 
vertical axis to eliminate small field fluctuations which 
were discovered in the laboratory both inside and out- 
side the magnet air gap even when the magnet was 
turned off. We have speculated that these fluctuations 
might have arisen from variations in the third-rail 
current in the Broadway-7th Avenue subway running 
under the street adjacent to the laboratories, but these 
speculations have not been checked. The current sta- 
bility was found to be a few parts in 10’ and the field 
stability 3 to 4 parts in 10’ after these precautions had 
been taken. 

The magnet was reshimmed to provide adequate 
field homogeneity,.and the most homogeneous portion 
of the field was found by searching with a sample of an 
alcoholic solution of the 2,5-ditertiarybutyl semi- 
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quinone ion in the spectrometer®’ until optimum 
resolution was obtained. No difference was found in 
the spectra observed from a sample of the p-benzo- 
semiquinone ion extending the width of the cavity 
(10.2 mm) and a sample about 2 mm long, thus indi- 
cating that field inhomogeneity could not make an 
appreciable contribution to the observed linewidth. 
The consistency of the entire set of width measurements 
also indicates that field inhomogeneity is not a signifi- 
cant contribution to the width (see Sec. IIT). 

Magnetic field measurements were made with a 
proton resonance oscillator using a small probe contain- 
ing a dilute aqueous solution of NigSO,. A stability of 
about one part in 107 was obtained by locking the 
proton oscillator on a stable but adjustable external 
frequency. The frequency of the proton oscillator was 
determined with an electronic counter, and the micro- 
wave frequency was measured with a multiplier chain 
derived from a 1-Mc frequency standard. 

Linewidths were measured by determining the dif- 
ference in proton oscillator frequency between the 
points of maximum and minimum slope on the ab- 
sorption line of the paramagnetic sample. The points 
of extreme slope were located by displaying the first 
derivative of the absorption on an oscilloscope. The 
derivative of the proton resonance signal was observed 
on a second oscilloscope at the same time the absorp- 
tion of the paramagnetic sample was observed. The 
techniques used are similar to those described previ- 
ously.‘’? A correction had to be made for the finite 
width of the modulation amplitude. This was _per- 
formed by assuming the lines to be of Lorentz shape 
and deriving an expression for the corrected width as 
a function of the ratio of the modulation amplitude to 
linewidth. Careful measurements were made of the 
modulation amplitude. The corrections varied from 
4% for the narrow lines observed at low power to 
slightly less than 1% for the broad lines observed at 
high power. 

Peak heights were measured by displaying the ab- 
sorption line of a particular component directly on an 
oscilloscope using a field modulation that was large 
compared to the width of the component but smaller 
than the separation between components. At low 
power, the peak-height measurements were reproducible 
to better than 1%, and at high power to 2-3%. 

The p-benzosemiquinone ions are rather unstable, 
and therefore a flow system was used to maintain a 
constant radical concentration in the spectrometer.’ ® 
The mixing chamber of the flow system was fed from 
two bulbs. One bulb contained a 0.002M solution of 
p-benzohydroquinone in 95% ethanol and the other 
contained a 0.2M solution of NaOH made up in a 


6G. K. Fraenkel, Ann. N. Y. Acad. Sci. 67, 546 (1957). 
. Venkataraman, B. G. Segal, and G. K. Fraenkel, J. Chem. 
s. 30, 1006 (1959). 
. Venkataraman and G. K. Fraenkel, J. Am. Chem. Soc. 77, 
7 (1955). 
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solvent consisting of a mixture of 80 parts (by volume) 
of 95% ethanel and 20 parts water. The water was 
needed to dissolve Na2CO; formed from absorption of 
atmospheric CQ, which, if allowed to precipitate, would 
have clogged the capillary tubing in the flow system. 
The storage bulbs were connected to the mixing cham- 
ber by 0.2-mm diam. glass capillary tubing, and the 
mixing chamber was connected to one end of the 
sample tube in the spectrometer cavity (see above) by 
a thin Teflon tube. The other end of the sample tube 
was connected to a second piece of Teflon tubing and the 
vertical position of the end of this tube could be varied 
to change the flow rate and therefore the radical con- 
centration. The concentrations of reagents and the 
flow rate were adjusted, in so far as possible, to obtain 
a linewidth which was independent of concentration. 
The rate of flow was such that about one drop formed 
every 4.1 to 4.5 sec, and during a series of measure- 
ments the drop time was held constant to 0.2 to 0.3 sec. 

The concentration of p-benzosemiquinone ions was 
estimated by comparing the area of the central com- 
ponent of the spectrum with the area of the spectrum 
of a known concentration of the peroxylamine di- 
sulfonate radical (SO;)2.NO™ in an aqueous solution 
containing some Na,CO;. Corrections were made for 
the differences in the Q of the cavity in the two sets of 
measurements and the differences in volume of the 
two samples, and the measurements were made at 
sufficiently low power to avoid saturation. The con- 
centration of the p-benzosemiquinone ions under the 
above conditions in the flow system was about 3X 
10> M. 

A sample of the p-benzosemiquinone ion made up 
in a capillary tube in an 80-20 ethanol-water solution 
containing NaOH, with a radical concentration ad- 
justed to give a spectrum of about the same initial] 
intensity as that given by the flow system, decayed in 
intensity by a factor of two in about 20 min. 

Line shapes were studied by photographing oscillo- 
scope presentations of the absorption spectrum of a 
single component, and by making strip-chart record- 
ings of the first derivative and of the integral of the 
first derivative of the spectrum. The first derivative of 
the spectrum was obtained using small-amplitude 
field modulation (at 38 cps) in the usual manner with 
a tuned amplifier and a lock-in detector, and int«gra- 
tion was performed electronically. 


III. RESULTS, p-BENZOSEMIQUINONE ION 


The four equivalent protons in the p-benzosemi- 
quinone ion give rise to five equally spaced components 
which will be designated by the numbers —2, —1, 0, 
1, 2. The component lines have degeneracies 1, 4, 6, 4, 1, 
respectively, and the —2 component is at the low-field 
side of the spectrum. The numbers designating the 
lines coincide with the value of the quantum number 
of the field-direction component of the total nuclear 
spin angular momentum my, if the isotropic contact 
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interaction constant a; is negative.’ In the following, 
we shall assume that the component with m;=—2 
occurs at the low-field end of the spectrum. 


Line Shape 


The lines were found to adhere very closely to a 
Lorentz shape at all powers studied. In Fig. 1 a tracing 
is shown of the absorption line of the central com- 
ponent (my=0) of the p-benzosemiquinone ion ob- 
tained by integrating the first-derivative output of a 
field-modulation frequency lock-in detector. The solid 
line represents the curve obtained from an electronic 
integrator, and the points are calculated from the 
equation of a Lorentz-shaped curve. The peak height 
and width at half-maximum absorption obtained from 
the experimental curve were taken as the two param- 
eters needed to fit the theoretical equation to the ex- 
perimental curve. For the curve in Fig. 1, the power 
incident on the microwave cavity was about 0.8 mw, 
and the loaded Q (Qzz) was about 2000. 

A slight bump can be observed on both sides of the 
curve. These bumps can be seen more clearly in Fig. 
2, which is a photograph of the absorption line dis- 
played on an oscilloscope. The “bumps’’ were observed 
under almost all conditions on all components although 
they became somewhat obscured at high power. No 
explanation of the “bumps” has been found, although 
it is possible that they arise from splitting caused by 
the natural abundance of C’. A similar explanation’? 
has been proposed, but not verified, for the small extra 
lines found in the spectrum of the semiquinone ion of 
duroquinone." Although these “bumps” are an inter- 
esting phenomenon in themselves, it is not believed 
that they affect the present measurements in a sig- 
nificant manner. 














Fic. 1. Plot of magnetic resonance absorption vs magnetic 
field for the central component (m;=0) of the p-benzosemi- 
quinone ion spectrum. The solid line is the experimentally de- 
termined curve obtained from integration of the derivative of 
the spectrum, and the points are calculated for a Lorentz line 
shape. 


9H. M. McConnell and D. B. Chesnut, J. Chem. Phys. 28, 
107 (1958). 
1B, Venkataraman (private communication). 


1B, Venkataraman, thesis, Columbia University, New York, 
1955. 


IN ELECTRON SPIN RESONANCE. II 


Fic. 2. Plot of magnetic resonance absorption vs magnetic 
field for the central component (my=0) of the p-benzosemi- 
quinone ion spectrum obtained by photographing an oscilloscope 
presentation of the spectrum and showing “bumps” in the wings 
of the absorption line. 


Linewidth Measurements 

The linewidths of each of the five components in the 
spectrum of the p-benzosemiquinone ion were measured 
as a function of microwave power with the power 
incident on the cavity ranging from about 0.02 mw to 
10 mw. The particular power at which a measurement 
was made was chosen at random from a predetermined 
set of values of power to be investigated, and the 
widths of all five components were measured without 
changing the power. The order in which the com- 
ponents were measured at a given power was random- 
ized, and a second set of measurements was then made 
at the same power, using a different random order. A 
plot of the square of the width vs power for the com- 
ponent with m;=—1 is shown in Fig. 3. Each point 
represents the average of two measurements, and the 
line is drawn by the method of least squares. No cor- 
rection has been made, in Fig. 3, for the effect of 
overmodulation. 

Figure 3, and similar plots for the other four com- 
ponents, show that the width measurements adhere 
closely to Eq. (1.4). These data also indicate that field 
inhomogeneity is not a limiting factor in determining 
the widths of the narrowest lines, for if the lines were 
broadened by field inhomogeneity, the points at low 
power would be higher than a straight line fitted to 
high-power points and extrapolated to zero power. 

The equations obtained by least-square fits to the 
data for the square of the width, corrected for the finite 
amplitude of the field modulation, are: 
my = —2: (6_')?K 10 =124.046.8+ (28.8741.37) Pin 
my=—1: (6-1')?K 10 = 100.544.7+ (28.7640.95) Pi,, 
my =0: ( do’)? 10? = 81.7+3.0+4 (29.38+0.61) Pine 
my=1: (51’)2X 10 = 81.35-+3.2+ (28.46+0.66) Pine 
( 0’)? 10- = 90.2+6.3+ (26.5241.29) Pine. 


(3.3) 


my =2: 





H. SCHRECURS AND G.I. 





OF LINE WIDTH 107 


SQUARE 








| i i i 


3 5 6 
INCIDENT POWER Piyo (MWATT) 





Fic. 3. Plot of the square of the linewidth between points of 


extreme slope (6’_;)? for the my=—1 component of the p-benzo 
semiquinone ion spectrum vs power incident on the cavity. The 
units of 6’; are cps of proton oscillator frequency. The rf mag 
netic field, in oersteds, is obtained from //,;=0.0280(Pj,.)! 
where Pine is in milliwatts. The straight line is obtained from a 
least-squares fit, and no correction has been made for over 
modulation. 


In these equations, 6,,,’ is the width between points of 
extreme slope in units of cycles per second of the proton 
oscillator frequency, and Pine is the power incident on 
the cavity in milliwatts. For the width measurements, 
the 0 was Qr2=1939425. Using this value in Eq. 
2.1), the rf magnetic field H, (in oersteds) can be 
calculated from H?=7.85X10Pince. The errors given 
in Eqs. (3.1) are standard deviations computed from 
the residual sum of squares in the least-squares fit.” 
Measurements of width were also made with about 
30 mw incident on the cavity, giving results about 
15% lower than values extrapolated from Eqs. (3.1). 
No detailed study of high-power results was made. 


Peak-Height Measurements 


The heights of maximum absorption of each of the 
five components in the spectrum of the p-benzosemi- 
quinone ion were measured as a function of power over 
the range from about 0.5 mw to 10 mw. The order of 
measurements was randomized in a manner similar to 
that used for the width measurements except that 
only one measurement of the peak height of each com- 
ponent was made at a particular power. A plot of the 
reciprocal of the height vs power for the component 


2 Statistical Methods in Research and Production, edited by 
Owen L. Davies (Oliver and Boyd, London, 1954), 2nd ed., pp. 
141, 163; Design and Analysis of Industrial Experiments, edited 
by Owen L. Davies (Oliver and Boyd, London, 1954), pp. 344 
ff.; R. A. Fisher, Statistical Methods for Research Workers (Oliver 
and Boyd, London, 1948), 10th ed.; R. A. Fisher and F. Yates, 
Statistical Tables for Biological, Agricultural and Medical Re- 
search (Oliver and Boyd, London, 1948), 3rd ed.; C. A. Bennett 
and N. L. Franklin, Statistical Analysis in Chemistry and the 
Chemical Industry (John Wiley & Sons, Inc., New York, 1954), 
pp. 254 ff., 431 ff. 
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with my=—1 is shown in Fig. 4 together with a line 
fitted by the method of least squares. 

The equations obtained from least-square fits to the 
data for the reciprocal of the normalized peak height 
are, in arbitrary units: 


my=—2: p_2! =6.406+0.233+ (239.74+4.45) Pinc 
my=—1: p_-1'=5.990+0.140+ (250.84: 2.79) Pine 
m;=0: po? =5.623+0.130+ (269.14 2.60) Pine 
mye): 


pr" 


my=2: pe 


5.725+0.112+ (249,242.23) Pine 
1 =5.636+0.181 + ( 243.6+3.61 ) Pin 


(3.2 


For these measurements, the value of Q was Or. z = 2206 
so that Hy?=8.93X 10 Pine. 


Limiting Linewidths. Transverse Relaxation 
Times T); 


The intercepts of Eqs. (3.1) for the square of the 
width are related to the transverse relaxation times 
T2; by Eq. (1.4). The values of (1/72;) obtained in this 
manner are given in the second column of Table I. 

The theory for the variation of linewidth from one 
hyperfine component to another (see Sec. V) predicts a 
quadratic dependence of the width on m,. A fit of the 
values of (1/T2;) to a quadratic by the method of 
orthogonal polynomials,” with the assignment of 
equal weight to each of the five points, gives 


(1/ Tom 7) = (1.0365— 0.0445, +-0.0376m7) X 10° sect. 
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Fic. 4. Plot of the reciprocal of the peak height, p.~', for the 
m y=—1 component of the p-benzosemiquinone ion spectrum vs 
power incident on the cavity. Arbitrary units are used for the 
ordinate. The rf magnetic field, in oersteds, is obtained from 
H,=0.0299( P;,.)4 where Pine is in milliwatts. The straight line 
is obtained from a least-squares fit. 
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The intercepts of Eqs. (3.2) for the reciprocal of the 
peak height are also related to (1/72,;) within a factor 
determined by the experimental constant c in Eq. 
(1.5). The constant ¢ was adjusted so as to give the 
best agreement between the intercepts of the reciprocal 
peak-height measurements and the values of (1/7%;) 
determined from the width measurements. Thus, if we 
let Wm, be the value of (1/72) obtained from the 
width measurements (the second column of Table 1), 
and h,,, the value of the intercepts of the reciprocal of 
the peak-height measurements as given by Eqs. (3.2), 
the value of a which minimizes the expression 


> (Wm y— Ohms)? 


my 
gives the best estimate of (1/c). The value found was 
a=(.1895X 10°. The estimates of (1/7>2;) obtained by 
multiplying the intercepts in Eqs. (3.2) by @ are given 
in the third column of Table I. The equation of the 
quadratic which fits the adjusted intercepts of the re- 
ciprocal of the peak-height measurements is 


1/ Tom ,) = (1.083 —0.034m ,-+0.015 1m") X 10° sec 


2 


aS ) 


The variation in linewidth from one component to 
another can be best evaluated by using data from both 
the width and peak-height measurements. Since the 
precision of the data on a given component is about 
the same for both types of measurements, the arith- 
metic mean of the two values has been taken and is 
tabulated in column four of Table I. The quadratic 
which fits these average values of the width is 


1/T 2 ,) = (1.060—0.039m;+0.0264m,") X 10° sec, 
(3.6) 


and values computed from this equation are tabulated 
in the last column of Table I. Equation (3.6) and the 
points from the width and peak-height measurements 
are plotted in Fig. 5. 

An analysis of variance indicates that both the linear 
and quadratic terms are of a high order of significance 
in the above equations. The mean standard deviation 


TABLE I. Linewidth (reciprocal transverse relaxation time). 





(1/Tom 7) (usec) 


From peak-height 
measurements 
adj.) 


Calculated 
Eq. (3.6) 


From width 
measurements Average 


.267+0.035 214+0.042 


.140+0 .027 .135+0.027 
.027+0.019 .066+0 .025 
.021+0.020 -085+0.021 .05¢ 1.047 


1.104-++0.040 .068-+0 .034 .086 1.086 
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Fic. 5. Plot of linewidth parameter (1/7 2m) as a function of 
hyperfine component (m,) for the -benzosemiquinone ion 
spectrum. The magnetic field at which the absorption line of a 
component appears increases from left to right. x: from extrapola- 
tion to low microwave power of linewidth measurements. 0: from 
extrapolation to low microwave power of peak-height measure- 
ments. The curve is the theoretically predicted quadratic func- 
tion of my adjusted by a least-squares fit to the mean of the 
data from linewidth and peak-height measurements. 


of the width measurements (estimated from the mean 
variance of the five intercepts given in column two of 
Table I) is 0.029, while the standard deviation esti- 
mated from the residual mean square from the quad- 
ratic fit is 0.019. Almost identical values hold for the 
estimates of width from peak-height measurements, 
while the standard deviation estimated from the 
residual for Eq. (3.6) is 0.014. With a standard devia- 
tion for the measurement of the width of a single 
component of 0.029, the standard deviation of the 
constant term in the above equations can be calculated 
to be 0.020, that of the coefficient of the linear term 
0.009, and that of the coefficient of the quadratic term 
0.008. These numbers apply to Eqs. (3.3) and (3.5), 
and although it is difficult to compute the precision of 
the coefficients in Eq. (3.6), the data appear to be 
consistent with the estimates that limits at the 95% 
confidence level for the constant term in Eq. (3.6), are 
less than +0.04 (4%), limits for the coefficient of the 
linear term are less than +0.02 (45%), and limits for 
the coefficient of the quadratic term are less than 
+0.015 (60%). 


Saturation Parameters. Spin-Lattice Relaxation 
Times T li 


The slopes of Eqs. (3.1) for the square of the width 
are related to the ratio of relaxation times (7);/T.2:) by 
Eq. (1.4), and the values so obtained are given in the 
second column of Table II. The spin-lattice relaxation 
times 7); computed by dividing the best fit for (1/T2;) 
as given by Eq. (3.6) into the values of the ratio 
(71;/T2;), are given in the third column of Table II. 

When the variation in saturation parameters from 
one hyperfine component to another is small, the theo- 
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TABLE II. Relaxation times. 








Tim z (usec) 


From 

width 

measure 

From width ments 
measurements 


From peak-height 
measurements (adj.)* 


1.526+0.071 


.660+0.031 


.520+0.050 .737+40.019 


.548+0.032 1.460 .864+0.018 


.496+0 .034 1.429 .726+0.015 


.395+0.068 687+0.025 





® Adjusted to fit measurements of intercepts with a of Eq. (3.4) given by 
a=0.1895 X10 


retical equations for both 7\; and (7\/72:) are quad- 
ratic in my. The fit to the data in column two of Table 
II is 


( Tim; Tom 5) = 1.536—0.029m, —0.019m,?. 


The standard deviation estimated from the mean of 
the variances in column two of Table IT is 0.054, while 
that estimated from the residual mean square from 
the quadratic fit is 0.022. Using the larger of these 
standard deviations to estimate the errors of the co- 
efficients in Eq. (3.7), we find the error in the constant 
term is 0.04 (2.4%), the error in the linear term is 
0.017 (60%), and the error in the quadratic term is 
0.014 (75%). The fit to the reciprocal of the data in 
column three of Table II is 


(1/ Tim») = (0.690—0.011m,+-0.027m,") X 108 sec. 
(3.8) 


The standard deviation estimated from the mean of 
the variances of the data in Tables I and II is 0.030, 
and that estimated from the residual of the fit is 0.011. 
Using the larger of these estimates, the errors of the 
coefficients in Eq. (3.8) are: for the constant term, 
0.021 (3%); for the linear term, 0.010 (90%); and for 
the quadratic term, 0.008 (30%). A plot of the data in 
column two of Table II and of Eq. (3.7) is given in 
Fig. 6. 

The slopes of Eqs. (3.2) for the reciprocal of the peak 
height are directly related to 7); by Eq. (1.5) if the 
instrumental constant ¢ is known. Using the value of c 
previously obtained by adjusting the intercepts of the 
peak-height measurements to fit the width measure- 
ments, the 7},’s listed in the fourth column of Table II 
are obtained. The values derived in this manner from 
the peak-height measurements are, on the average, 
higher than the values derived from the width meas- 
urements by 28%. Two types of evidence indicate that 
this discrepancy cannot be accounted for by an error 
in the instrumental constant c. The first type of evi- 
dence follows from the consistency of the data. The 
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ratio of the slope to intercept of Eqs. (3.1) for the 
square of the width and of Eqs. (3.2) for the reciprocal 
of the peak height should both give the same value, 
independent of c, namely a quantity proportional to 
T1:T 2; [see Eqs. (1.4) and (1.5) ]. In fact, however, the 
slope-to-intercept ratio (corrected for the differences in 
QOxz) for the peak-height measurements of the five com- 
ponents is, on the average, about 27% higher than the 
slope-to-intercept ratio for the width measurements. 
There is considerable scatter about this average, but 
the ratios involve a compounding of errors so that the 
scatter is not particularly significant. The second type 
of evidence follows from the direct observation of an 
oscilloscope presentation of the spectrum. Qualitative 
inspection of spectra at different power levels showed 
that the peak height decreased more rapidly with in- 
creasing power than the square of the width increased. 
The direction of the effect is just as if radicals were 
destroyed at high power, thus causing a decrease in the 
area and peak height over and above that arising from 
saturation. For dilute solutions of radicals, only the 
peak height and area, not the width, would be affected 
by a destruction of radicals. 

Several tests were made in an attempt to determine 
the cause of this discrepancy. A direct instrumental 
effect seems to be unlikely because measurements on 
the peroxylamine disulfonate ion (see Sec. IV) are in 
complete agreement with Eqs. (1.1) and (1.2). The 
only possible instrumental effect would thus be one 
which was important for the narrow lines observed in 
the p-benzosemiquinone ion spectra (approx 60 
mgauss) but not for the broader peroxylamine di- 
sulfonate lines (approx 225 mgauss). The discrepancy 
cannot arise from field inhomogeneity, because to ac- 
count for the different 7;’s, an inhomogeneity of the 
order of 15 mgauss would be required over the length 
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Fic. 6. Plot of the ratio of relaxation times (Tim y/T2m y) as a 
function of hyperfine component (my) for the p-benzosemi- 
quinone ion as obtained from measurements of linewidth vs 
microwave power. The magnetic field at which the absorption 
line of a component appears increases from left to right. The 
curve is the theoretically predicted quadratic function of m, 
adjusted by a least-squares fit to the data. 
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of the sample. An inhomogeneity of this magnitude 
would have been detected in the tests with a short 
sample and would have introduced an upward curva- 
ture in the low-power region of Figs. 3 and 4, for the 
square of the width and reciprocal of the peak height 
Vs power. 

An increase in room temperature of 1°C caused a de- 
crease in radical concentration of about 3%, and it was 
thought that the increase in the temperature of the 
sample at high power arising from heating by the 
microwave radiation might account for the discrepancy 
in the 7;’s. A calculation of the temperature rise 
showed, however, that when the flow system was used, 
the rise was probably less than 1°C at the highest 
power employed in the measurements. 

The 28% difference in the absolute values of the 
T;’s obtained from width and peak-height measure- 
ments is not the only difficulty. Inspection of the data 
in column four of Table II, which are plotted as open 
circles in Fig. 7, shows that there is no significant 
linear dependence. In addition, while the mean stand- 
ard deviation estimated from the variances of the 
data is 0.008, the standard deviation estimated from 
the residual of the least-squares fit to a quadratic 
equation is 0.015, and therefore the data cannot be 
adequately fitted by a quadratic. A plot of values of 
(7\;/T2:) calculated from the 7, data in column four 
of Table II and the best estimate of (1/7»;) from the 
last column of Table I has no significant contribution 
from a term in m,’*, and shows considerable scatter 
about a straight line. 

We are therefore forced to conclude that 7, values 
obtained from the peak-height measurements are not 
consistent with other data, either in absolute magni- 
tude or in variation from one hyperfine component to 
another. The nature of the measurements makes it 
highly unlikely that any systematic error could occur 
in the variation from one component to another, as 
distinct from the absolute magnitude, and we are un- 
able to explain the discrepancies. 

It should be observed, however, that there is quali- 
tative if not quantitative agreement between 7) values 
obtained from peak-height measurements and other 
data. Figure 7 is a plot of the 7; data obtained from 
peak-height measurements (open circles) and width 
measurements (crosses). The plotted points for the 
width measurements have been adjusted to give the 
same value, on the average, as the data from the 
peak-height measurements, in order to make it possible 
to compare the variations from one hyperfine com- 
ponent to another, independent of the over-all dif- 
ference in absolute values. The points from peak-height 
measurements in Fig. 7 show that the central com- 
ponent has the largest 71, and that the 7,’s for the 
outer components decrease systematically toward 
higher values of the magnitude of m,, thus indicating 
that the relaxation mechanism for the central com- 
ponent is the weakest. Such behavior is qualitatively 
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Fic. 7. Plot of the saturation parameter (Tim ) as a function 
of hyperfine component (m,) for the p-benzosemiquinone ion. 
o: from peak-height measurements, column four, Table II. x: 
from width measurements adjusted to agree, on the average, 
with values from peak-height measurements by multiplying 
numbers in column three, Table II, by 1.30. The magnetic field 
at which the absorption line of a component appears increases 
from left to right. 


consistent with the (1/72;) results, the 7); data ob- 
tained from the width measurements, and the theory. 


Effect of Oxygen 


An attempt was made to determine whether dis- 
solved oxygen could affect the linewidth. In all the 
experiments described above, dissolved oxygen was 
relied upon for the oxidation of the hydroquinone to 
the semiquinone, so that an experiment to test the 
effect of oxygen could only be made by using a different 
oxidizing agent. Some rough experiments were there- 
fore made using p-benzoquinone as the oxidant, and 
degassed basic ethanolic solutions of quinhydrone were 
prepared and quickly examined in the spectrometer. 
Although many lines in addition to the ordinary five- 
line p-benzosemiquinone ion spectrum were observed,” 
the widths of the p-benzosemiquinone ion lines were 
essentially the same as for the spectrum obtained 
under similar conditions when an equal concentration 
of radical was prepared by dissolving hydroquinone in 
basic ethanol in the presence of oxygen. These some- 
what inconclusive experiments indicate that the width 
is not markedly affected by dissolved oxygen. 


IV. RESULTS, PEROXYLAMINE DISULFONATE 


The high-field spectrum of the peroxylamine di- 
sulfonate ion, (SO3)2NO™, consists of three equally 
spaced lines arising from the hyperfine interaction be- 
tween the unpaired electron and the N™ nucleus 
(I=1).'*5 The lines are separated from each other by 
about 13 gauss. We have examined the linewidth and 
saturation behavior at 9.2 kMc of 9.8X10~* M aqueous 


13 Compare the work cited in footnote 8. 

14 J. P. Lloyd and G. E. Pake, Phys. Rev. 94, 579 (1954). 

% G. E. Pake, J. Townsend, and S. I. Weissman, Phys. Rev. 
85, 682 (1952); J. Townsend, S. I. Weissman, and G. E. Pake, 
ibid. 89, 606 (1953). 
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solutions, made 0.1M in NasCOs, with up to 100 mw of 
microwave power incident on the cavity. The sample 
tube, and its location in the spectrometer cavity, were 
similar to that in the experiments with the p-benzo- 
semiquinone ion. 

The initial experiments were performed with the 
sample in a closed capillary tube, but it was found that 
radicals were destroyed at high power, apparently be- 
cause of heating by the microwave radiation, and 
subsequent high-power experiments were performed 
using the flow system, so as to maintain a fresh supply 
of radical in the spectrometer. A closed capillary tube 
was used at low power. 

No differences between either the peak heights or 
linewidths of the three components could be observed 
over the entire range of power investigated. In these 
measurements, a variation of a few percent would 
have been detectable. Similar results have been ob- 
tained at low power by C. Ryter."® 

Only approximate measurements of the absolute 
values of the width and saturation parameters were 
made. The half-width at half-maximum absorption was 
found to be about 225 mgauss, corresponding to T).= 
2.5X10~7 sec, and the spin-lattice relaxation time was 
found to be about 7;=3.3X10~ sec. The cavity Q for 
these measurements was about Q;2—800. A comparison 
of these results with studies made by Lloyd and Pake! 
and Landesman" at low fields will be made in Sec. V. 

Approximate measurements of the spectrum dis- 
played on the oscilloscope screen, when the power inci- 
dent on the cavity was varied from 0.5 to 100 mw, 
showed that the square of the linewidth increased with 
power at the same rate as the decrease in peak height. 
In other words, the product 6,7); from Eqs. (1.1) and 
(1.2) was a constant independent of power. An effect 
comparable in magnitude to that observed for the 
p-benzosemiquinone ion would have been easily de- 
tected. These data show that tl ponents of the 
peroxylamine disulfonate spectra obey Eqs. (1.1) and 

1.2), and thus no instrumental error seems to be 
present which affects lines a few hundred milligauss in 
width. 


V. DISCUSSION 


Theory of Linewidth 


General theories from which the linewidth can be 
calculated have been formulated by Kubo and Tomita'® 
and by Bloch.!® We consider a molecule with spin 


S=}, and one magnetic nucleus of spin I undergoing 
rapid tumbling in solution. The contribution to the 
width from intramolecular, anisotropic, dipolar inter- 
action, and g-tensor anisotropy, for the hyperfine com- 
ponent with z component of total nuclear spin angular 


‘6 See work cited in footnote 17. 

‘7 A, Landesman, J. phys. Radium 20, 937 (1959). 

SR. Kubo and K. Tomita, J. Phys. Soc. Japan 9, 888 (1954). 
‘9 F. Bloch, Phys. Rev. 102, 104 (1956). 
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momentum m, can be shown to be? 
(1/ Tom 5) = (§) (SK°— K) mP+[(3) 29+ L my 


+ (4)M,9+M,+ (4) [K°+(@)KU(I+1), (5.1) 


where 


(K°/K) =(1°/L) =(M0/M,) =1+0*r2; (5.2) 
T- is the rotational correlation time; w the angular fre- 
quency at which the ESR spectrum is observed; and 
the parameters AK, L, and M, are defined by Stephen 
and Fraenkel.? The term in K arises from the intra- 
molecular dipolar interaction, that in M, from the 
anisotropy of the g tensor, and that in Z from a cross 
term between these two effects. Terms in K, L, and 
M, are nonsecular, while those in K°, L°, and M,° arise 
from essentially secular perturbations. A number of 
other mechanisms affect the relaxation and linewidth 
in a manner which does not depend on m,.?*4 For our 
present purposes, it is sufficient to denote the total of 
the transition probabilities induced by these processes 
with a single parameter, /’, and they thus contribute 
a term of magnitude M’ to the right-hand side of 
Eq. (5.1). 

For a radical with several identical nuclei, the width 
can be computed by averaging over the degenerate 
nuclear spin states with a given value of my,’ and for 
equivalent protons one obtains 


(1/ Tom.) =[K+ ($) K°]ms?4+-[L+ ($) L°Jms+ M2, 


where 


M.=M’'+M,+(4)M,o+ (n/4)[(4) K+K°]. 


Theory of Saturation Parameters 


The theory of Stephen and Fraenkel? can be used to 
evaluate the saturation parameters 7),,, and although 
some of the numerical values included by these authors 
are applicable to the present problem, detailed evalua- 
tion of the complicated determinants required is ex- 
tremely tedious. Stephen®? has recently developed a 
simple diagrammatic method of evaluating the satura- 
tion parameters; it is particularly useful when some of 
the relaxation mechanisms are small. In terms of the 
relaxation mechanisms considered above, Stephen’s re- 
sult for the p-benzosemiquinone ion can be expressed as 


(1/ Tim ,) =2Kmyr+2Lms+2M,, ES.) 
where 

M,=M-+R, 
and 


R=(3K"+14K°K+8K?) /(6K°+14K). (5.7) 
Equation (5.5) is only valid when (K/M) and (L/M) 
are small compared to unity. M includes all terms in 


*”M. J. Stephen, J. Chem. Phys. 34, 484 (1961). 
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the relaxation mechanisms which are independent of 
my, and is equal to the nonsecular part of M’ plus M, 
in Eq. (5.4). To the approximation for which Eq. (5.5) 
is valid, the only relaxations which have an appreciable 
effect are the vertical transitions, i.e., transitions for 
which Am,=+1, Am; =0. From Eqs. (5.3) and (5.5), 


CT ieais/ T2m 5) = (M2/2M,)[1+¢( K®/M2) m,* 


+9(L9/M2)my], (5.8) 


where 


$)+ (14072) [1 — (M2/M,) J. 


Contribution of Dipolar Relaxation 


The contribution of the intramolecular, anisotropic, 
dipolar relaxation to the linewidth and saturation be- 
havior is determined by the coefficient K°® and the ro- 
tational correlation time r,. For the peroxylamine di- 
sulfonate ion, Weissman ef al.*! examined the electron 
resonance spectrum of a single crystal of a dilute solid 
solution of the ion in a diamagnetic host. The relevant 
part of their results can be expressed as* 


(K°/r.) =9.1 10" sec (5.10) 


if 7. is expressed in seconds. 

In order to estimate the coefficient A°/7, for the 
p-benzosemiquinone ion, it is necessary to use the rela- 
tion between K°/r, and the expectation values of the 
intramolecular dipolar interaction as given by Stephen 
and Fraenkel.? We assume that the unpaired electron 
is in a @ orbital and that its wave function can be de- 
scribed by a one-electron LCAO molecular orbital. The 
presumably small contributions from o electrons are 
neglected. McConnell and Strathdee* have calculated 
the expectation value of the magnetic dipole interac- 
tion between an electron in a Slater type 2p-m orbital 
and a nucleus lying in the nodal plane on the z orbital, 
and we make use of their result to determine the con- 
tribution from all the w orbitals in the p-benzosemi- 
quinone radical. The following parameters are as- 
sumed*: C—C bond length, 1.397 A; C—O bond 
length, 1.36 A; C—H bond length, 1.084 A; Z for Slater 
orbital on carbon, 3.18; Z for Slater orbital on oxygen, 
4.55. For the coefficients c; in the expression for the 
wave function of the unpaired electron, in terms of a 
linear combination of 2p-m orbitals, we take**: c.?= 
cv =cse=ce’=0.1072, c?=c2=0.1071, and c?=c= 
0.1786. The oxygen atoms are numbered 7 and 8 and 
are bonded to carbon atoms 1 and 4. For the param- 
eters a, b, and c on which (K°/7,) depends [ Eqs. (3.7) 


21S. I. Weissman, * 
61, 28 (1957). 

2H. M. McConnell and J. Strathdee, Mol. Phys. 2, 129 (1959). 

3 Tables of Interatomic Distances and Configuration in Mole- 
cules and Ions, edited by L. E. Sutton (The Chemical Society, 
London, 1958), Special Publication No. 11. 

24 G. Vincow, thesis, Columbia University, 


r. R. Tuttle, and E. de Boer, J. Phys. Chem. 


New York, 1959. 
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of the work cited in footnote 2], we find 6=0, and 


(1/27) gByra= — 1.49 Mc (5.11a) 


(1/2m) gBvyrc=—(1.294+1.72i1) Mc. —(5.11b) 


The values of a, b, and ¢ correspond to a choice of the 
principal axes of the g tensor such that g, is along a 
C—O bond; ge, perpendicular to a C—O bond; and g;, 
perpendicular to the plane of the ring. From Eqs. (5.11) 


(K°/r,) =2.72X 10" sec, (5.12) 


where 7, is expressed in seconds.”® 


Comparison with Theory, p-Benzosemiquinone ion 


The theory of the linewidth predicts a quadratic de- 
pendence of (1/72 ,) on my, as given by Eq. (5.3), and 
the experimental data, as represented by Eq. (3.6), is 
in excellent agreement with this prediction. Data ob- 
tained from both width and peak-height measurements 
are essentially the same. The theory of saturation pre- 
dicts that (1/71 ,) should also depend quadratically on 
my, as given by Eq. (5.5). The data a ie from 
width measurements, as represented by Eq. (3.8), is in 
good agreement with this prediction, but the a from 
peak-height measurements is not in agreement with a 
quadratic function. In Sec. III, it was also pointed out 
that the absolute magnitude of the 7)’s from peak- 
height measurements is, on the average, 28% greater 
than the values obtained from the width measure- 
ments. We believe, therefore, that the data for (1/T 2m ,) 
is more reliable than the data for (1/Tin,), despite the 
fact that we have no a priori reason for believing there 
is a systematic error in the saturation factors which 
would lead to an error in the relative variation from 
one hyperfine component to another. 

Although the data for (Tim ,/T 2m ,) from width meas- 
urements and all the data for (1/72, ,) depend quad- 
ratically on my, the two types of measurements are not 
quantitatively consistent with each other and the 
theory. From Eggs. (5.3), (5.5), and (5.8), for (1/T 2m), 
(1/Tim,), and (Tim,;/T2m,), Tespectively, it is evident 
that the ratio of the coefficient of the linear term to the 
coefficient of the square term in each of these expres- 
sions should have the same value, namely (L°/K°) = 
(L/K), and this ratio should be independent of any 
errors in the absolute magnitude of the measurements. 
The experimentally determined ratios from Eqs. (3.6) 
and (3.7) are, respectively, —1.49 and +1.53, and the 


%* The contribution to a, 6, and c, of orbitals which are not 
atoms adjacent to the nucleus is appreciable. In the case of the 
benzene negative ion, for example, one obtains, using all six 29, 
atomic orbitals, (1/2m) gBeyra = — (9.92/6) = —1.65 Mc, 
b=0, and (1/2m) gBsyrc= (23.3/6) =3.88 Mc. If nonadjacent 
orbitals are neglected, the values found for these quantities are, 
respectively, —0.362 Mc, 0, and 2.80 Mc. Stephen and Fraenkel? 
give these latter numbers with incorrect signs, incorrectly making 
a positive and c negative. This change in sign affects the sign of 
the linear term in the linewidth. See footnote 28. 
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change in sign is outside the experimental error. There 
are certain other quantitative discrepancies between 
the 7, and 7, data which will be discussed after a more 
detailed examination of the agreement between the 7: 
data and the theory. 

A direct comparison between the theoretical and ex- 
perimental values of the coefficient of m,? in the ex- 
pressions for (1/Ta,) given by Eqs. (5.3) and (3.6) 
could be made by using Eq. (5.12) for the calculated 
value of (K°/r,) if the value of rt. were known. In the 
absence of a reliable value of 7., however, we can at- 
tempt to adjust 7. to give agreement between the ex- 
perimental and theoretical results. From Eqs. (5.2), 
(5.3), and (5.12), using the frequency at which the 
measurements were performed, namely v=9.21X 10° 
sec”!, it is found that a value of r-=7X10-" sec will fit 
the experimental result in Eq. (3.6), but values between 
3X10" and 1.1X10- would be within the experi- 
mental errors. If the estimate of (K°/r,) were in error 
by as much as a factor of two, values of 7, from 1X 107"! 
to 2.5X10~'° would be consistent with the data. These 
estimates of 7. can be compared with the rotational 
correlation time calculated for a spherical molecule of 
radius @ using the expression” 

to=4ana/3kT. (5.13) 


For an 80/20 ethanol-water mixture, at room tempera- 
ture, the viscosity is 72 centipoises, and if t= 
7X10-" sec, the effective radius would be a=3.1 A. 
Since the distance from the center of the p-benzosemi- 
quinone ion to an oxygen atom is about 2.76 A, and to 
a hydrogen atom 2.48 A, and since the ion is undoubt- 
edly solvated, this value of an effective radius is 
certainly reasonable. Although the validity of Eq. 
(5.13) for small, solvated, nonspherical molecules is 
highly questionable, it seems quite unlikely that 7, 
could be as small as 10~"', and a value of 2.5X 107" is 
somewhat large. 

If we take 7. =7X10-", Eqs. (5.12) and (5.2), with 
v=9.21X10° sec!, give wre=4.05, K°=1.90X 104 
sec-!, and K =0.109X 104 sec7. 

This value of K obtained from a fit to the data for 
(1/Tom,) gives for the coefficient of m,* in Eq. (5.5) for 
(1/Tim,) the value 0.2X 10* sec, but the experimental 
result, from Eq. (3.8), is 2.7104 sec~. In fact, one 
cannot obtain agreement between the coefficient of 
m,* in the equations for (1/T2m,) and (1/Tim,) unless 
it is assumed that extreme motional narrowing is taking 
place, i.e., wreK1, or 7K1.7K10-". A very small 7; is 
in itself unreasonable, and would require a very large 
value for K°/rz,. Thus, if we take wr«1, then K=K°, 
and if K is to fit the data for (1/Tim,), we find (K°/7,) = 
(2.7X10*)/27->8X10'* as compared to the estimated 
value in Eq. (5.12) of 2.72 10'*. These considerations, 
as well as those previously cited, tend to indicate that 


*N. Bloembergen, E. M. 


Purcell, and R. V. Pound, Phys. 
Rey. 73, 679 (1948). 
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the 7; data and the theory are not in as close agreement 
as the 7, data. 

A computation of the coefficient of the linear term in 
Eq. (5.3) for (1/T2n,) from first principles is not pos- 
sible because the anisotropy in the g tensor, which is 
small, depends on the spin-orbit coupling, and a calcula- 
tion of the spin-orbit coupling requires a knowledge of 
excited electronic states. If we assume that the (1/72) 
data provides the most suitable estimate of the linear 
term, we can, however, use the experimental results to 
obtain the order of magnitude of the anisotropy in the 
g tensor. As discussed above, the experimentally de- 
termined ratio of the coefficient of the linear term to 
the coefficient of the quadratic term is (L°/K°)= 
—1.49, which gives, independent of any assumption 
about 7, but on using Eq. (5.12), 

(L°/7r.) = — 4.05 X 10" sec. (5.14) 
If 7, is taken to be 7, =7 X10" sec, then L°=—2.83X 
104 sec and with »=9.21X 10° sec?, L=—0.163X 104 
sec, By putting the numbers from Eqs. (5.11) in 
Eq. (3.6) of the work cited in footnote 2 and using 
Eq. (5.2), we obtain 


( 19/7.) =—11.5X10-(g;— g») —5.5 10 


x [2g;— (git ge) 1, 


where gi, gz, and g; are the principal values of the g 
tensor. One other piece of information is available, the 
isotropic g value g,, 


gs= (4) (gitgetgs), (5.16) 
which has the value g, = 2.0046.”" If one of the principal 
values of the g tensor were known, say g3, the compo- 
nent perpendicular to the plane of the ring, a direct 
comparison could be made between the relaxation 
theory and experiment. For the benzene negative ion, 
in the absence of possible complications from Jahn- 
Teller distortion, symmetry considerations indicate 
that g3=go=2.0023, the free electron value.? For the 
p-benzosemiquinone ion, it is likely that gsgo. If we 
arbitrarily take g3=go, Eqs. (5.14), (5.15) and (5.16), 
with the experimental value of g,, give gi=2.0091 and 
g2= 2.0024. Although the assumption gs=go causes the 
exact values of these numbers to be highly questionable, 
Eq. (5.15) and the experimental results still limit the 
range of reasonable possibilities for the g’s. 


*7 We are indebted to Herbert L. Strauss for the measurement 
of gs. Although the precision of the measurement was good to 
one or two more significant figures than quoted, and reasonable 
efforts were made to eliminate systematic errors, the troublesome 
precautions required to obtain a greater accuracy than quoted 
were not taken. The present result agrees, within our accuracy, 
with that given by M. Adams, M. S. Blois, Jr., and R. H. Sands, 
J. Chem. Phys. 28, 774 (1958). 





RELAXATION IN 

Note that the sign of L° depends on the sign of the 
isotropic hyperfine interaction, taken to be negative 
in the foregoing, and with this choice of sign, the most 
reasonable conclusion is that g,; (the component of the 
g tensor along the line joining the oxygen atoms) is 
larger than the other in-plane component go. 

The remaining terms to consider in the expressions 
for (1/Tim,) and (1/T2m,) are M; and My». These do not 
give rise to a contribution that depends on m,. Using 
the above numerical evaluation of the parameters K 
and K°, the contribution of K and K® to M¢ is 2.2104 
sec~', If the rather arbitrary assignment of values for 
£1, 2, and gs given above is used to evaluate M,° from 
Eq. (3.8) of the work cited in footnote 2, with Eq. 
(5.2), one obtains (M,°/r.)=2.5X10" sec? if v= 
9.21X 10° sec™!, and the contribution of terms in M,° 
and M, to Mz is 2.6X10° sec~!. This number must be 
considered at best to be only a rough estimate, but it 
is unlikely that a much larger value would be con- 
sistent with the measured value of g,. The interaction 
between the magnetic moments of the electron and the 
solvent protons is part of M’ and gives a contribution, 
which can be approximately estimated, of Myw= 
4X10* sec for an 80-20 ethanol-water solution at 
room temperature. Another part of M’ arises from the 
dipole-dipole interaction between free radicals which, 
at a radical concentration of about 3X10-° M in this 
solvent, can be estimated to contribute about M paa-raa = 
0.8X10* sec"'. The sum of all these contributions to 
Mz is 3.1%10° sec, and this is about one-third of 
the observed value of 1.060 10° sec~'. The parameter 
M, would be expected to be approximately equal to M2, 
although any secular contributions to Mz, would be ab- 
sent in M,, and therefore M, cannot be larger than 
M,. In fact, neglecting the small correction term 
arising from R in Eq. (5.6) (estimated to be about 
10* sec"! for the above values of K and K®), Eqs. 
(3.8) and (5.5) give M,=0.345X10°® sec, and M, 
is thus about one third of M,. It is surprising that 
M, is so much smaller than My, unless the differ- 


% Because of the error in signs made by Stephen and Fraenkel 
in the work cited in footnote 2 (see footnote 25), their conclusions 
about the sign of the anisotropy for the benzene negative ion are 
in error. They also assumed that the departure of g, from go for 
the benzene negative ion (which has not been measured) was 
larger than now seems likely. A. Carrington, F. Dravnieks, and 
M. C. R. Symons, J. Chem. Soc. 1959, 947, have recently 
found that g, values for a number of positive and negative aro- 
matic ions was 2.0028 or 2.0029. T. J. Katz and H. L. Strauss, 
J. Chem. Phys. 32, 1873 (1960), have found that g,=2.0025 for 
the mononegative ion of cyclooctatetraene. Thus (g,—go) for the 
benzene negative ion is probably in the range from 0.0001 to 
0.0005. Following the assumptions of Stephen and Fraenkel, but 
using the numerical values for a and ¢ from footnote 25 in Eq. 
(3.6) of the work cited in footnote 2, we obtain (L°/7,) = +0.18X 
10% sec if (gs-go) =0.0001 and 0.9010" if (g,—go) =0.0005. 
These values are considerably smaller than, and of opposite si 
to, those found for the p-benzosemiquinone ion [Eq. (5.14) ]; 
whereas the quadratic terms are larger since, by using the values 
of a and ¢ from footnote 25 in Eq. (3.5) of the work cited in foot- 
note 2, together with Eq. (5.2), one obtains (K®°/7,) =7.79 X10" 
sec? for the benzene negative ion. If (g,—go) =0.0001, (M,°/ 
Te) =3.4X10" sec and if (gs—go) =0.0005, then (M,°/r,) = 
7.9X 10". 
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ence arises from errors in computing the effective rf 
field intensity in the cavity. The contribution to M, 
of the mechanisms calculated above is estimated to be 
about 6X 10* sec~'. One must conclude that other re- 
laxation mechanisms make an appreciable contribution 
to M’, but unfortunately there is insufficient evidence 
to make a reliable estimate of the magnitude of these 
effects. 


Comparison with Theory, Peroxylamine Disulfonate 
Ion 


Lloyd and Pake" studied the linewidth and satura- 
tion of one of the low-field transitions in the spectrum 
of the peroxylamine disulfonate ion, namely the 
transition F=3, mp=—} to F=3, mp=—}. The ex- 
periments were performed in fields of approximately 30 
gauss at a frequency of 60 Mc. They found a half-width 
at half-maximum absorption intensity at low concen- 
trations of about 300 mgauss, corresponding to T2= 
2X10~7 sec, and a value of the spin-lattice relaxation 
time of 7;=2.5X10-7 sec. Landesman" determined 
the electron spin relaxation in this ion by studying the 
dynamic polarization of the solvent protons, and found 
the width for the transition studied by Lloyd and 
Pake to be 0.7 Mc or T7;=2.3X107’ sec in fields of 60 
gauss. Landesman also showed by a very ingenious set 
of experiments that the intramolecular anisotropic di- 
polar relaxation could not play a significant role in the 
relaxation. 

The values of 7; and T, found in the present experi- 
ments at high fields, 7;=3.3X10-7 sec and T,.=2.5X 
10-7 sec, are significantly higher than those found by 
Lloyd and Pake, but the value of T; is comparable to 
that found by Landesman. A somewhat larger value of 
the relaxation times at microwave frequencies is not 
surprising since at high frequencies there is less com- 
plete motional narrowing and the effect of the non- 
secular relaxations should be reduced. 

Landesman” and Kivelson® have pointed out that 
the large value of (K°/r.) for the peroxylamine di- 
sulfonate ion [see Eq. (5.10) ] should cause a depend- 
ence of linewidth on my that is not experimentally ob- 
served. Landesman concludes that one would have to 
have 7-<4X10-" sec to obtain agreement with ex- 
periment, and our high-field measurements would re- 
quire r-<10~" sec. Molecular geometry* would be more 
consistent with a value r.>7X10-". 

In the peroxylamine disulfonate ion, no adequate 
explanation has been found on the one hand for the 
absence of anisotropic dipolar interaction or, on the 
other, for the mechanism which makes the main con- 
tribution to relaxation and line broadening. 


VI. CONCLUSIONS 


The linewidths of the five hyperfine components in 
the electron resonance spectrum of the p-benzosemi- 
quinone ion exhibit differences of as much as 20% in 
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the limit of low microwave power. The variation can 
be accurately represented by a quadratic equation in 
my, the field-direction component of the total nuclear 
spin angular momentum, and the form of this equation 
is in excellent agreement with the linewidth predicted 
for relaxation mechanisms arising from anisotropic 
intramolecular dipole interactions and anisotropy in 
the g tensor. Good quantitative agreement is obtained 
for the coefficient of m,* if the rotational correlation 
time is taken to be 7 =7X10-, a value which is con- 
sistent with the molecular dimensions. 

Saturation parameters (7;) for the p-benzosemi- 
quinone ion, determined from measurements of line- 
width, show a variation from one hyperfine component 
to another of as much as 13%; the variation also is de- 
scribed by a quadratic equation in my. The data 
obtained for 7; is in qualitative but not quantitative 
agreement with the data for JT, and the theory, and 
T, data from width measurements is not in quanti- 
tative agreement with 7, data from peak-height 
measurements. At present no explanation exists for the 
quantitative discrepancies in the 7; data from the two 
types of measurements or for the lack of quantitative 
agreement between the 7; measurements 
theory. 

The major contribution to the relaxation and line- 
broadening mechanisms does not cause a variation from 
one hyperfine component to another and has only been 
roughly accounted for by the presently proposed 
mechanisms. 


and the 


No variation was found among the widths or peak 
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heights of the three hyperfine components of the 
peroxylamine disulfonate ion at any power studied. 
Neither the absence of variation in linewidth in this 
spectrum, which is in agreement with that of other ob- 
servers, or the magnitude of the over-all line broaden- 
ing and relaxation mechanisms, have been satisfactorily 
accounted for. 

An investigation of linewidth and saturation of dif- 
ferent radicals in a variety of solvents and over a range 
of temperature, as well as at different microwave 
frequencies, would serve to elucidate additional aspects 
of the significant relaxation mechanisms. The secular 
terms such as K®, L°, and M,° are proportional to 7, 
and should therefore vary as (n/T); the parameter L° 
should be proportional to the microwave frequency, 
and M,° should be proportional to the square of the 
microwave frequency. The nonsecular terms vary,‘ as 
compared to the secular terms, by the factor 
(1+w’r.”)". Systems in which chemical reaction is 
slow would be of interest, and specific solvent effects 
should be investigated. 
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The three factors of atomic size, ion core potential, and charge, which contribute to the increment in 
electrical resistivity produced by solutes in metallic solutions, have been separated and experimentally 
evaluated in liquid sodium. The results may be expressed in a semiempirical relationship defining the incre- 
ment in resistivity of a monovalent solution, Ap=0.063 | A Atomic Number | +0.53 (AV/V)?, wohm 
cm/at. %, where AV/V is the fractional difference in atomic volume of solute and solvent and the first 
term involves the absolute value of the difference in atomic number of sodium and the solutes lithium, 


potassium, cesium, rubidium, silver, and gold. 





INTRODUCTION 


IFFERENCES in atomic size have long been 

recognized as an important factor in determining 
the limit of solid solubility and the stability of inter- 
metallic compounds that are in equilibrium with a solid 
solution.! The strain energy resulting from atoms of 
different size in a solid solution, is calculated by the 
methods of elasticity theory from a model in which the 
hydrostatic compression or expansion of the larger or 
smaller solute atom, is balanced by a distributed shear 
stress in the surrounding lattice. This model necessarily 
leads to a positive free energy term, and hence to a 
positive energy of solution. 

Diffuse scattering of x rays from liquid solutions,’ 
and the relatively small changes in various thermo- 
dynamic properties that accompany transformation 
from solid to liquid lead to the general conclusion that 
properties of the liquid state of metals are similar in 
many respects to the corresponding properties in the 
solid state. 

The one property that changes significantly upon 
melting is the shear modulus, and as a result the liquid 
is unable to support a static shear stress. Accordingly, 
Lumsden‘ and Wagner’ have suggested that a compari- 
son of relevant thermodynamic quantities of liquid 
solutions (referred to their pure liquid components) 
and solid solutions (referred to their pure solid com- 
ponents) should yield satisfactory measures of the 
strain energy contribution to the properties of solid- 


*’Abstracted from a thesis presented by J. F. Freedman to the 
Graduate Division of the School of Engineering, Yale University, 
in partial fulfillment of the requirements for the degree of Doctor 
of Engineering, 1960. 

1F, Laves, Theory of Alloy Phases (American Society for 
Metals, Cleveland, Ohio, 1956). 

2.N. S. Gingrich, Revs. Modern Phys. 15, 90 (1943). 

3Q. Kubaschewski, Trans. Faraday Soc. 45, 931 (1949). 

4J. Lumsden, Thermodynamics of Alloys (Institute of Metals, 
London, 1952). 

5C. Wagner, Acta Met. 2, 242 (1954). 


solutions. Oriani® has pointed out, however, that in 
order to apply elasticity theory to estimate the frac- 
tion of the partial molar heat of solution that is due to 
strain energy in a solid, it is necessary first of all to de- 
cide at what radial distance r,, away from the center of 
dilation, the deformation of the lattice can be con- 
sidered to be elastic. The misfit energy within 7, can 
be thought of as arising from the small change in 
radius of the mth shell of neighbors when this mth shell 
is restricted by the imposition of lattice periodicity. 
Since r, is primarily determined by electronic interac- 
tions, which may be qualitatively similar in the solid 
and liquid states, a misfit term may be important even 
in the liquid state. 

The purpose of the present work is therefore to in- 
vestigate the configurational state of liquids by isolat- 
ing and evaluating the significance of atomic size in 
liquid metallic solutions in terms of electrical resistivity. 
Since the scattering of electrons is presumably de- 
pendent on the difference in size of the solute and 
solvent atoms, and also on the difference in field 
within the atoms, it is necessary to choose a system 
which minimizes the latter and maximizes the former. 
This is best accomplished in dilute alkali metal solu- 
tions; in particular, with sodium as the solvent and the 
remaining alkali metals as solutes. In this system a 
homogeneous, monovalent liquid solution can be ob- 
tained with a maximum difference in atomic radius of 
50%, which should be large enough for direct evalua- 
tion of the effect of dilation. 

The effect of solute core potential may be investi- 
gated independently with dilute solutions of silver and 
gold in liquid sodium. There is sufficient difference 
between the ion core structures of the two groups to 
produce a large difference in field within the solutions 
and, possibly, an important contribution to resistivity, 
in addition to the contribution associated with dilation. 


6R. A. Oriani, Acta Met. 4, 15 (1956). 
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TABLE I. Typical chemical analysis. 


Alloy 


ppm (wt) 


Sodium 


Impurity ppm (wt) 


Potassium 
Calcium 
Barium 
Copper 
Iron 
Magnesium 
Silicon 
Strontium 

( “hk ric les 
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Phosphorus 
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Aluminum 
Molybdenum 
Bismuth 
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Manganese 
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Finally, to complete the investigation of the separate 
factors contributing to the resistance, solute charge 
(i.e., a screened coulomb potential) may be evaluated 
by studying the change in resistance of liquid sodium 
produced by the addition of multivalent solutes, for 
example, cadmium, tin, and lead. 

EXPERIMENTAL PROCEDURE 

Pure sodium was obtained in hermetically sealed tins 
from the E. I. duPont de Nemours Company. A typical 
chemical analysis is given in Table I. Lithium, supplied 
by the Nuclear Development Corporation, was vacuum 
distilled to 994+-% purity, the major impurity being 
sodium. Potassium was supplied by the Mallinckrodt 
Chemical Company and was of 98+ % purity, the major 
impurity again being sodium. Rubidium and cesium 
were obtained from A. D. Mackay Inc., who produce 
it from 99.9% rubidium and/or cesium chloride and 
supply it sealed im vacuo in glass ampules. The remain- 
ing solutes were at least 99.9+% purity. A chemical 
analysis of a typical alloy is also given in Table I, 
indicating that the alloy addition and method of 
preparation does not increase significantly the back- 
ground impurity content. 

Alloys were prepared by placing weighed amounts 
of the component metals in a closed melting system 
constructed entirely of stainless steel (Fig. 1). After 
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evacuating to 10-* cm of Hg the system was filled with 
helium, which was purified by passing it over silica gel 
and through a column containing the liquid eutectic 
sodium-potassium alloy. 

The alloy components were placed in the container, 


‘M (Fig. 1) which was heated by a glass insulated re- 


sistance heater surrounding the melting chamber. 
When the components were liquid, the alloy was forced 
under pressure of helium through the 1-y stainless 
steel filter, which removed insoluble oxides, and into 
the length of tubing between the valves A and B. The 
conductivity cell was filled by opening valve B which 
allowed the volume of alloy contained in the side arm 
AB to flow into the previously evacuated cell. 

The final composition of the alloy was determined 
by a flame photometric analysis performed at the 
Knolls Atomic Power Laboratory, Schenectady, on a 
sample obtained from dissolution in alcohol of the 
entire contents of the conductivity cell. This technique 
samples the total solute in the alloy, including any 
oxide smaller than 1 » that may have passed through 
the filter. The estimated accuracy was +5% of the 
value for compositions less than 0.5 at. % solute and 
+2% of the value in the range of 0.5 to 1.0 at. % 
solute. 

Because most electrical insulating materials nor- 
mally used for conductivity measurements react with 
liquid sodium, the upper limit of temperature previ- 
ously available for investigation was 350°C. This 
limitation was recently raised to over 600°C by the use 
of a conducting cell made of stainless steel.? In the 


Escape to Inlet for 
Hg trap Vecuum or 


| He pressure 


To Vacuum or 
He pressure 


| Needle [< ie 
beng 


bia F 
Ground 

t Flanges 

SS SSN RS 

RR 

kK 


T 
Thermometer 



































LOZ). 





: 








M 
Melting Pot 


Ss 
i Sintered 
SS. Filter 


Tove oC UO O UV OU 8 





Ground 
Boll Joint 














ar 











Cao ~~ ~ 





° 














* > Heating: Mantle” 





Fic. 1. Stainless steel apparatus for preparing liquid sodium 
alloys, filtering insoluble oxides, and transferring a measured 
volume to the conductivity cell. 


7R. H. Rahiser, R. Werner, and C. B. Jackson, Mine Safety 
Appliance Company, Technical Report 24, June, 1953. 
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present work, type 304 stainless steel was chosen as the 
cell material because of its excellent corrosion resistant 
properties over this range of temperature, and its 
ability to be machined to sufficiently close tolerances 
to define the geometry of the conducting path. The 
cells were made by boring a longitudinal hole, 0.349 
(+0.0010) in. in diam, leaving a closed end, in a 
0.565-in. diam rod, 20 in. in length. The inlet end was 
closed by a stainless steel needle valve and attachment 
to the melting system was made through a stainless 
steel ball-joint. 

The resistance of the entire cell and its contents was 
measured as a parallel circuit with a Kelvin bridge. 
Potential and current terminals were made of stainless 
steel with a knife edge contact seated in shallow 
grooves in the outer cell wall to define the length; 
potential terminals were separated by 9 in. and current 
terminals were located 1.5 in. outside the potential 
terminals. The precision of this method is limited only 
by the sensitivity of the bridge, which is 0.1% of the 
value measured. 

Two separate furnaces were used to measure the 
temperature dependence of resistivity. The range from 
100°C to 250°C was covered in a silicone oil bath in 
which the temperature could be controlled to +0.2°C. 
The temperature was obtained by averaging the tem- 
peratures of two calibrated iron-constantan thermo- 
couples attached at depths corresponding to the posi- 
tion of the potential contacts. The temperature gradient 
over the active length of the cell was less than 0.2°C. 
Essentially the same design was employed for the 
temperature range from 250°C to 550°C. However, 
due to excessive oxidation and decomposition of the 
silicone oil, an air furnace was used instead of an oil 
bath. By employing an aluminum core of high thermal 
conductivity, and electrical compensation for heat loss 
at the ends of the furnace, the gradient was minimized 
to +2.0°C over 16 in. of the cell. The temperature at 
which the resistance measurement was made was ob- 
tained by averaging the values from three calibrated 
chromel-alumel thermocouples, one at each potential 
contact and one at the center of the cell. 

In the high-temperature range the resistance de- 
pended on the direction of the de current. The average 
of two readings, however, was in excellent agreement 
with the low temperature values in the range in which 
they overlapped. This phenomenon appears to be as- 
sociated with a thermal emf created by the tempera- 
ture gradient, and it corresponds exactly with previous 
observations of other investigators employing a dc 
method of measurement, for example, Scala and 
Robertson.’ This interpretation is verified by the fact 
that the resistance did not depend on current direction 
in the oil bath in which the temperature gradient was 
essentially zero. 

Since the cell was made of a conducting material it 


§ E. Scala and W. D. Robertson, J. Metals 5, 1141 (1953). 
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TABLE II. Resistivity and change in resistivity (Ap=Pattoy-PNa) 
of liquid sodium alloys. 








Sodium Lithium Na—0.16%Li Na—0.65%Li 
p p 

i pw ohm pw ohm 

"¢ cm p 


100 9.44 
150 =11.10 
200 
250 
300 
350 
400 
450 
500 
550 
600 


9.60 

11.26 

13.08 

14.94 : 
16.96 18 
19.08 .16 
21.30 18 
23.74 .24 
26.26 .26 
28.80 0.24 


Na—0.46%K 


Na—0.92%K 


p Ap p Ap 


10.06 62 10.24 0.80 
11.84 74 12.00 0.90 
13.66 .76 13.80 0.90 
15.58 .80 15.78 1.00 
17.62 84 17.99 1.12 
19.90 .98 20.06 1.14 
22.20 .08 22.38 1.26 
1 
1 
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22.42 .30 7.0. 1.78 25.2 
24.86 36 25.30 1.80 

27.46 46 27.90 1.90 28.3 
30.12 .56 30.60 2.04 30. 
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was imperative that the liquid metal “wet” thel cell 
wall to provide a reproducible, parallel conducting 
path. This was accomplished by heating the filled cell 
to 350°C for 24 hr. The resistance of the alloy was 
then calculated by considering the separate resistances 
of the alloy and the stainless steel cell to be in parallel 
and, accordingly, 


Katty = RwR./ (Ra— R;) ? 
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sLE ITT. Resistivity and change in resistivity (Ap=pattoy —PpNa) 
of liquid sodium alloys. 
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where R,, is the resistance of the empty cell (approxi- 
mately 10-* ohms), and R; is the total resistance of the 
cell filled with liquid metal (in the range of 10-4 ohms). 

To verify the validity of the assumed parallel cir- 
cuit, a glass conductivity cell was constructed from pre- 
cision bore Pyrex tubing using platinum current and 
potential terminals that were sealed into the cell wall. 
The agreement between the two methods was 2.5% 
with the stainless steel cells always yielding a lower 
value of the resistivity. However, it was difficult to 
prevent the formation of bubbles at the wall of the glass 
cells, which may have been responsible for an apparent 
higher value of resistivity, because of the over-estima- 
tion of the cross-sectional area. It was concluded that a 
stainless steel conductivity cell could be used over a 
wider range of temperature without contaminating the 
contents, and that more precise results could be ob- 


TABLE IV. Resistivity and change in resistivity (Ap=pattoy —pNa) 
of liquid sodium alloys. 


Na—1.00%Cd Na—1.10%Pb Na—1.00%Sn 


p Ap p Ap p Ap 


14.22 
16.10 
18.04 
20.08 
22.16 
24.42 
26.72 
29.12 
31.74 
34.68 
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Fic. 2. Resistivity of pure liquid sodium, compared with data 
previously obtained 





tained than with the conventional nonconducting and 
nonwetting materials. For a given alloy (Tables I, 
III, and IV) the precision was limited only by the 
sensitivity of the bridge (0.1% of the measured value) 
and the temperature determination (0.2% of the 
measured value). In different alloys the major source 
of error was in the chemical analysis (a minimum of 
+2% of the measured value). 


EXPERIMENTAL RESULTS 
Liquid Sodium 


The present results for pure liquid sodium (Fig. 2) 
indicate that the resistivity is 2.6% lower than the 
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Fic. 3. Resistivity of pure liquid lithium. 
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Fic. 4. Resistivity of dilute liquid 
sodium-lithium solutions. 
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Fic. 5. Resistivity of dilute liquid 
sodium-potassium solutions. 
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average of values previously reported’ :*-"; presumably 
this lower value of resistivity is due to a more accurate 
definition of cross section and to the purity of the 
sodium. The change of resistance with temperature, in 
the temperature range represented in Fig. 2, is essen- 
tially identical with all previous determinations; ex- 
tending the range to 550°C, as shown in the following 


®G. W. Thompson and E. Garelis, Physical and Thermo- 
dynamic Properties of Sodium (Ethyl Corporation Report No. 
2, February, 1954). 

10K. Bornemann and G. V. Rauschenplat, Metallurgie 9, 510 
(1912). p 

41 L. Hackspill, Compt. rend. 151, 305 (1911); Ann. chim. et 
phys., (8) 28, 613 (1913). 

2 P. Muller, Metallurgie 7, 730, 755 (1910). 

18 F. F. Northrup, Trans. Am. Electrochem. Soc. 20, 200 (1911). 

4H. Robinson and R. G. Moss, General Electric Company 
Report No. DF-49-GL 187 (1949). 

18 A. Matthiessen, Phil. Mag. 12, 199 (1856); 13, 81 (1957). 
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figures, clearly reveals an increasing positive curvature 
that is not evident in the narrower temperature range 
of most previous investigations. 
Liquid Lithium 

Only one measurement, at one temperature, of the 
resistivity of liquid lithium has previously been made.'® 
Bridgman" determined the ratio of resistances, R,/ 
Rs, at the melting point and found the ratio to be 
1.68; he ‘also measured relative resistance as a function 
of pressure at two temperatures above the melting 
point (202.5°C and 237.4°C), but he did not determine 
the specific resistivity. In view of this meager collection 
of data it seemed important to make an absolute deter- 


6 A. Bernini, Ann. Physik 6, 74 (1905). 
17 P, W. Bridgman, Proc. Am. Acad. Arts. Sci. 56, 70 (1921). 
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Fic. 6. Resistivity of dilute liquid 
sodium-rubidium solutions. 
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Fic. 7. Resistivity of dilute liquid 
sodium-cesium solutions. 
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mination of resistivity over an extended temperature 
range. 

The results of two separate determinations are sum- 
marized in Fig. 3. The measured resistivity is 50% 
lower than that reported by Bernini'® at one tempera- 
ture. However, extrapolating the solid-state resistivity® 
to the melting point (15.2 wohm cm), and employing 
Bridgman’s ratio of 1.68, the resistivity of the liquid at 
the melting point is indicated as 25.6 
pared with the measured value of 24.0 wohm cm. 
Considering the limited amount of solid-state data 
with which to define the temperature dependence, 
these results are in satisfactory agreement and they 
provide a large measure of internal self-consistency 


5 E. Gruneisen, Ergeb. exakt. Naturwiss. 21, 50 (1945). 


wohm cm, com- 





for the more recent data, which now include the solid 
and liquid states and the transformation. 


Sodium-Alkali Metal Solutions 


Four systems were investigated in this group: Na-Li, 
Na-K, Na-Rb, and Na-Cs. Except for the Na-Li system, 
single-phase liquid solutions are formed in these sys- 
tems at all temperatures and concentrations above the 
melting point of sodium. Fortunately, the extent of 
the single-phase liquid in. the monotectic Na-Li system 
is sufficient to encompass the compositional range re- 
quired for this investigation. The data for each system 
are shown in Figs. 4-7, and they are also given in Table 
II with the precision necessary for the purpose of 
analyzing the temperature dependence. 
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Fic. 8. Resistivity of dilute liquid 
sodium-gold/alloys. 
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Fic. 9. ResistivityWof dilute 


liquid sodium-silver alloys. i” 
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Solutions of Sodium Containing Silver and Gold 


Because the melting points of silver and gold are 
above the boiling point of sodium, the previous alloy- 
ing procedure could not be used. Instead, solutions 
were made by dissolving weighed quantities of the 
massive solid metals in liquid sodium contained in a 
previously calibrated conductivity cell, which was 
heated to 550°C and held at this temperature for 48 
hr. The fact that a homogeneous liquid solution!® was 
obtained by the procedure of dissolving massive pieces 


It proved to be impossible to dissolve copper in sodium 
within a reasonable length of time even when the temperature 
was raised to 800°C. 


300 
Temperature °C 


of silver or gold in liquid sodium was confirmed by (a) 
a residue of very fine silver or gold powder which re- 
mained after dissolving the sodium in alcohol and (b) 
a constant and reversible resistance which was observed 
over a long period of time at a constant temperature. 
The resistivities of sodium solutions containing gold 
and silver are shown in Figs. 8 and 9, respectively, and 
the data are given in Table III. The deviations in the 
resistivity vs temperature curves for silver solutions, 
are consistent with the limited data defining the liquidus 
curve at the sodium end of the sodium-silver system.” 
Accordingly, the deviations are attributed to crossing 


2M. Hansen, Constitution of Binary Alloys (McGraw-Hill 
Book Company, Inc., New York, 1958), 2nd ed. 
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Fic. 10. Resistivity of dilute liquid 
sodium-cadmium, sodium-tin, and 
sodium-lead alloys. 
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the liquidus line, with a corresponding precipitation of 
silver. 


Sodium-Cadmium, Sodium-Lead, and Sodium-Tin 
Solutions 


Again, because of the higher melting points of these 


metals relative to sodium, solutions were prepared by 


the same technique as that employed for silver and 
gold solutions. The data are presented in Fig. 10 and 
Table IV. The deviation of resistivity from the smooth 
curve for Na-Pb and Na-Sn, is also associated with 
crossing the liquidus line and is in accord with the ac- 
cepted phase diagrams.” 

















Fic. 11. A qualitative representation of the temperature de- 
pendence of resistivity of pure liquid metals, relative to the same 
solid materials. 


DISCUSSION OF EXPERIMENTAL RESULTS 


Temperature Dependence 


The specific resistivity of pure liquid sodium has 
been extended to a relatively high temperature (550°C) 
and the data show an increasing positive curvature over 
the entire range. Over a similar range of temperature 
the data for pure liquid lithium exhibit a decreasing 
curvature. When these results are combined in a single 
schematic diagram with data recently obtained for 
other liquid metals**! (Fig. 11) it is apparent that all 
combinations of temperature dependence 
have now been observed. 

Obviously, these data cannot be immediately ra- 
tionalized in terms of the following relationship” 
applying to monovalent metals in the solid state, 


possible 


p=4.78X107(7T/@pV') (Cp/Er)? ohm-cm, 


where Cp is a constant expressing the coupling be- 
tween electrons and thermal vibrations of the lattice, 
Ep is the Fermi energy, V is the atomic volume, and 
4p is the Debye temperature. An additional complica- 
tion is Bridgman’s* observation that the resistance of 
both solid and liquid lithium increases with pressure 
(unlike all other metals, except only calcium and 
strontium), and that the ratio of R,/Rs for alkali 
metals is independent of pressure. It appears that it 
will be necessary to reconsider the whole problem of 
scattering of electron waves in a partially periodic 
structure, as a function of temperature and pressure, 


21 A. Roll and H. Motz, Z. Metallkunde 48, 272 (1957). 

2H. Jones, Hanbuch der Physik, edited by S. Flugge (Springer- 
Verlag, Berlin, 1956), Vol. 19, Part 1, p. 226. 

23 P, W. Bridgman, Proc. Am. Acad. Arts Sci. 72, 157 (1951). . 
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before the temperature dependence of resistivity of the 
different liquid metals can be more completely and 
quantitatively understood. 

The introduction of monovalent solutes in liquid 
sodium again raises questions regarding the tempera- 
ture dependence of resistivity of the solutions. The 
data (Table II and Table V, interpolated from large 
scale plots) indicate that the increment in resistivity 
resulting from the introduction of 1 at. % of a mono- 
valent solute into liquid sodium, is dependent on 
temperature. The deviation from Matthiessen’s rule, 
p=prtpr, in which the impurity contribution is as- 
sumed to be independent of temperature, varies widely 
and without apparent order among the different solu- 
tions. Since qualitative evidence of a deviation does 
not depend on an explicit knowledge of composition, 
the principal source of error in this investigation is not 
involved and the deviations from Matthiessen’s rule 
seem to be conclusively established for liquid sodium 
solutions. 

The fact that the “rule” is not obeyed in liquid 
sodium solutions is not, in itself, cause for concern. Of 
the assumptions underlying the simple addition of 
resistivities due to scattering by thermal vibrations 
and impurities, namely, (1) all thermal scattering is 
elastic, (2) the conduction electrons are ‘free’, (3) 
thermal vibration does not affect the scattering po- 
tential, (4) impurity atoms do not perturb the vibra- 
tion spectrum of the solvent, and (5) the effective 
number of electrons is not changed by the impurity; 
many are unjustified in varying degree even in solid 
solutions. The more serious problem (brought to the 
authors’ attention by F. J. Blatt) associated with both 
nonlinear temperature dependence and the deviation 
from Matthiessen’s rule, lies in the apparent impossi- 
bility of extrapolation to obtain a meaningful residual 
resistivity. Thus, theoretical consideration of the 
liquid state must be limited to the change in resistivity 
at the melting point, and to the partially periodic 
liquid state itself, without help from a hypothetical 
state at absolute zero. 


Composition Dependence 


The change in resistivity, Ap=patloy—pNa, evaluated 
at 100°C, is shown in Fig. 12 as a linear function of 
composition. The bars through the experimental points 
indicate the accumulated experimental errors of +5% 
associated with the chemical analysis and +0.5% re- 
sulting from the measurement of temperature and 
resistance. While the scatter of data is large, the rela- 
tive position of the different lines does not seem to be 
in serious doubt, particularly the slopes obtained from 
a least-squares analysis for the alkali solutes compared 
with those for silver and gold (summarized in Table V). 

For the purpose of indicating the significance of 
various factors determining the resistivity of solu- 
tions, the results may be considered in terms of a model 
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Increase in resistivity of monovalent, liquid sodium 
solutions. | 
| 


TABLE V. 


Ap=Palloy — PNa 
(100°C) 
» ohm cm/atm™% 


Ap=Palloy —PNa 
(550°C) 
pn ohm cm/atm% 


Deviation 


Solute Ap550—Ap100 


.28 ‘ | 24 

.02 .52 .80 

55 

.64 8 .16 
.62 


44 


for solid solutions first suggested by Mott*4 and more 
recently developed by Arafa.* For a monovalent solu- 
tion containing X atom fraction of solute, the resist- 
tivity may be expressed as 


p wohm cm=132Vi[ (Uo/EF) (as*/aé) FX 


The expression contains two terms which are essential 
to the present argument assuming that the Fermi 
energy, Ep is not significantly changed upon melting. 
(a) jo? which describes the manner in which the 
charge density varies in the vicinity of a solute atom, 
and (b) Uo which is the difference in energy between 
the lowest states in the conduction bands of the pure 
metals. This relationship, which has been used with 
some success to account for the resistivity of copper, 
silver, and gold solid solutions, was derived by neglect- 
ing the effect of the small differences in atomic size in 
the solid solutions upon the accumulation of charge 
around the impurity atoms. However, because of the 
large size differences involved in the alkali metal solu- 
tions, it is necessary to consider explicitly the change in 
charge density in the vicinity of the relatively large 
solute atoms. 

Harrison*® and Blatt?’** have suggested a method 
which they have applied to solid solutions, by which 
the present results may be analyzed and the effect of 
the size difference separated, empirically at least, from 
other factors. Instead of considering the scattering 
process in a monovalent solution in terms of physical 
size differences between solvent and solute, and the 
scattering probability as proportional to the square of 
a corresponding displacement; they suggest it may be 
more meaningful to consider the displacement of sur- 
rounding atoms in terms of the associated change in 
charge density. This change, due to a dilation, is 
measured in the present case by the ratio of the differ- 
ence in atomic volume of solute and solvent to the 
atomic volume of the solvent AV/J 


Z 


N. F. Mott, Proc. Cambridge Phil. Soc. 32, 281 (1936). 

. K. I. Arafa, Proc. Phys. Soc. (London) B62, 238 (1949). 
§W. A. Harrison, Phys. Rev. 110, 14 (1958). 

7F. J. Blatt, Phys. Rev. 108, 285 (1957). 

J. Blatt, Phys. Rev. 108, 1204 (1957). 
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In the absence of any displacement, the introduction 
of excess charge will cause scattering in proportion to 
the square of the excess charge both in solid solutions 
(Linde’s Rule) and in liquid copper solutions.’ Thus, 
a polyvalent impurity of valence Z in a monovalent 
metal introduces an apparent charge difference of 
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Fic. 12. Change in resistivity 


p alloy-p sodium) at 100°C, as 
a function of solute composition. 


AZ=Z—1 and a resistivity increment of 
Ap=a+b(AZ)?. 


If, in addition, the impurity also produces a dilation, 
the effective charge difference, AN becomes 


AN=Z-—1-AV/V, 
and Linde’s rule is modified to 
Ap=a+b(AN)?. 
In the case of a monovalent impurity in sodium, 
Ap=a+b(AV/V)?. 


Figure 13 shows Ap for liquid sodium solutions as a 
function of (AV /V)?. The radii of the alkali metals 
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Fic. 13. Change in resistivity of liquid sodium per atomic per- 
cent solute, at 100°C, as a function of the square of the fractional 
difference in atomic volume of solvent and solute. 


used to obtain AV/V (Table VI) are those of Heaton,”* 
derived from recent neutron diffraction measurements 
on the pure liquid metals; crystal radii, corrected for 
eight nearest neighbors, were used for silver, gold, and 
the polyvalent metals. 

The effect of core potential of the solute atoms is 
very clearly shown in Fig. 13 by the large displacement 
of the silver and gold, which are identical in size and 
charge, from the line representing the change in re- 
sistivity which was initially ascribed only to size 
differences between the alkali metal solutes. There- 
fore, since the effect of ion core properties is relatively 
large, it is probable that some part of the increment in 
resistivity produced by the alkali solutes is also due to 
differences in core properties, and it is clearly necessary 
to separate the two effects. 

A semiempirical separation of the effect of the 


TABLE VI. Atomic radii and effective scattering charge of solutes 
in liquid sodium. 


Element rX108cm* AV/V AV/V)? 


Li ie —().445 20 


.54 
Hg .50 


2.24 





® Radii for alkali metals from neutron diffractions in liquid state,” all others 
are crystal radii corrected for 8 nearest neighbors. 


2S. S. Sidhu, L. Heaton, and M. H. Mueller, J. Appl. Phys. 
30, 1323 (1959). 
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Fic. 14. The increment in resistivity, per atomic percent solute 
at 100°C, as a function of (AN)?=(Z—1—AV/V)?. The range 
of values for copper, silver, and gold solid-solutions correlated by 
Blatt,?”"* fall within the shaded band. 


differences in ion core properties from the effect of 
dilation on local charge density can be obtained from 
the modified form of Linde’s expression for the charge 
dependence of resistivity. The constant 6 is taken as a 
measure of the localized charge difference due to the 
dilation alone; @ is taken as a measure of the difference 
in ion core field between solvent and solute. Both 
constants can be evaluated from a consideration of the 
dependence of the resistivity increment on effective 














Fic. 15. The calculated misfit contribution to the resistivity of 
liquid sodium solutions, derived from Fig. 14, is shown as a func- 
tion of AN? and compared with the measured increment in re- 
sistivity due to both misfit and the ion core field of the alkali 
solutes. 
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TABLE VII. Contributions to resistivity of liquid sodium solutions 
from dilation and ion core field. 

Ap (Misfit) Ap (Field) 

Solute »ohmcm/atom% 0.53 (AV/V)? Ap Total— Ap misfit 


Li 0.28 : 0 
K 1.02 
255 
Cs 3.64 
Ag 2.50 
Au 


charge, assuming 
polyvalent solutes. 

Figure 14 shows the results of the present work, and 
the one previously available value for mercury in 
liquid sodium,*® as a function of (AN)?. Included in 
Fig. 14 for comparative purposes is the range of data 
for copper, silver, and gold solid-solutions, in each 
other and also containing multivalent solutes, as 
correlated by Blatt.27*5 It is evident that the incre- 
ments in resistivity produced by solutes from the 
same row of the periodic table, namely silver, cadmium, 
and tin, from one row and gold, mercury, and lead, 
from another row, fall on separate, parallel lines which, 
it is interesting to note, are approximately parallel to 
the solid-state data. 

The misfit contribution, obtained from the slope of 
the lines for liquid solutions in Fig. 14, is Ap=0.53 
(AV/V)?, which is shown in Fig. 15, together with the 
data for alkali solutes. 

The magnitude of the increment in resistivity due to 
differences in ion core potential between sodium and 
the alkali solutes, is obtained by taking the difference 
between the total measured increment in resistivity 
(Fig. 15) and the derived misfit contribution. The 
results are given in Table VII. 

Employing Ap (field) and the relationship applying 
to monovalent solid solutions,” it is of some interest 
to calculate Uo(fig-?/fio*) for the monovalent solutes 


an apparent chemical valence for 


TABLE VIII. Calculated parameters in the expression for the 
resistivity of a solution. 


Solute element Uo( fip?/ fe) ev 


Q. 
E; 


0 A. L. Norbury, Trans. 


uday Soc. 16, 570 (1921). 
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Fic. 16. Increment in resistivity due to the difference in field 


between solute and solvent as a function of the differences in 
atomic number 


of solute and sodium 
from the present data, and to estimate (fg °*/jio*) 
from the known energies of the lowest electronic states 
in metallic silver,2* gold,* sodium,*' and lithium” 
(Table VIII) even though the exact interpretation to 
be placed upon these values is uncertain in the absence 
of a thorough reconsideration of the partially periodic 
state of liquids and liquid solutions. 

Recently some consideration has been given to the 
problem of scattering in liquid solutions by Daniel® 
who, by employing Friedel’s theory of phase shifts,** 
calculated the increment in resistivity of sodium solu- 
tions containing alkali solutes, silver, and gold, and 
E. Wigner and F. Seitz, Phys. Rev. 43, 804 (1933). 

F. Seitz, Phys. Rev. 47, 400 (1935 
E. Daniel, J. Phys. Chem. Solids 13, 353 
‘J. Friedel, Advances in Phys. 3, 446 


1960). 
1954). 
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also the Knight shift of sodium for the same solutions. 
The calculated change in the two properties is in excel- 
lent agreement with experiment for the alkali metal 
solutions; however, the corresponding calculations for 
solutions of silver and gold in liquid sodium indicate 
that the theory, in its present form, is unable to ac- 
count for the experimental results when the ion core 
potentials of solvent and solute are greatly different. 

The effect of the field differences between solvent and 
solute are shown in Table VII, where it is evident that 
the increment in resistivity increases with increasing 
difference in atomic number between sodium and the 
solutes. This increment is shown in Fig. 16 as a linear 
function of the absolute value of the difference in atomic 
number from which the constant @ in the empirical re- 
lationship for the total resistivity increment may be 
obtained. Thus, the complete expression for the re- 
sistivity increment, per at. % of monovalent solute 
in liquid sodium, is Ap=0.063 | A Atomic Number | + 
0.53(AV/V)? pohm cm/at. %. 

In conclusion, the three factors contributing to the 
resistivity of a monovalent, metallic, liquid-solution, 
have been separated and experimentally evaluated. 
The fact that a separation is possible, and to some 
extent justified in terms of ideas and relationships de- 
veloped for application to solid solutions, can be 
interpreted to mean that the most significant feature 
of the scattering process is the difference between the 
solute and the surrounding solution. The absence of 
long-range order in liquid solutions defines the absolute 
value of resistivity in the liquid state; within this state, 
the scattering process in liquid solutions is not pri- 
marily dependent on long-range periodicity, but on 
definable types of deviation from the 
aperiodic background of the liquid. 


uniformly 
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The low-temperature heat capacity of zinc (in the normal state) has been expressed by C.=y7+aT*+ 


87° over the range from 0.15°K to about 8°K. The new parameters obtained are: 


Y= 


1.56104 cal/deg? 


mole, a= 1.39 10~* cal/deg* mole, and B= 2.44107 cal/deg® mole. The calorimetric Debye temperature, 
@o°, is found to be 322°K which is in reasonable agreement with the elastic value, @v%, of 328°K. The 
apparent disagreement between @o© and @o¥ values cited in the literature arises from the difficulty in ana 
lyzing the calorimetric data for a very anisotropic metal. 


EBYE characteristic temperatures calculated from 

low-temperature heat capacities, Oo°, are usually 
in excellent agreement! with those calculated from 
elastic constants extrapolated to O°K, Oo”. Recently, 
however, discrepancies have been reported for vana- 
dium,” beryllium,’ cadmium,’ magnesium,® and zinc.® 
(Except for vanadium, all of these metals have hex- 
agonal close-packed structures.) Alers? has suggested 
that the low-temperature specific heat of vanadium has 
a 7* contribution in addition to the lattice 7* term. 
Warren and Ferrell’ have postulated an electronic re- 
laxation effect, caused by electron-phonon interac- 
tions, which would tend to make ©o°> po", but only 
magnesium shows this type of disagreement. It is our 
feeling that these discrepancies may not be real, and 
that they may arise from the treatment of the low- 
temperature specific-heat data, especially for aniso- 
tropic metals such as zinc and cadmium. 

Since zinc has been thoroughly studied, it is an ex- 
cellent choice for critical evaluation. Two independent 
measurements the low-temperature elastic con- 
stants® are in good agreement, and yield a Oo” value of 
328°+3°K. The heat capacity has been measured in 
considerable detail*? from 0.15° to 20°K. The best 
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specific-heat data for obtaining O¢° are those of Keesom 
and Seidel,’ who reported a value of 309°+4°K. Their 
data agree well with those of other observers and are 
presented in a table of 44 unsmoothed data points in 
the range 1°-4°K (in contrast with other data that are 
presented graphically, or 
Debye © values). 


as smoothed equivalent 

Keesom and Seidel carried out a least-squares fit of 
their data for zinc (in the normal state), using the 
formula 


C,=yT+aT*+,T*, (1) 
in which the linear term is the usual electronic con- 
tribution, and the lattice heat capacity includes a T° 
term that is often neglected but should not be for zinc. 
The coefficient @ is proportional to (9(@°)-*. They ob- 
tained the following parameters: y=(1.5340.02) 107 
cal/deg? mole, a=(1.58+0.06) 10~ cal/deg* mole, (or 
Oo = 309°+4°K), and 8=(0.9340.33) 10-7 cal/deg*® 
mole. However, a more recent measurement at lower 
temperature (0.15°-1.1°K) by Phillips,? which should 
presumably give a more reliable value of the electronic 
term, yields y=(1.58+0.016) 10-4 cal/deg? mole. 
The data of Keesom and Seidel are plotted in Fig. 
in the form (C,—yT)/T*® vs T?. This should give a 
linear plot with @ as the intercept and 6 as the slope if 
xq. (1) is obeyed. In the lower half of this figure, the 
data are plotted with Keesom and Seidel’s value of + 
(closed circles), and also with Phillips’ value of y 
(open circles). At the low-temperature end, both sets 
of points show systematic deviations from a straight 
line, but in opposite directions. An intermediate value 
of y equal to 1.56 10~ cal/deg? mole (which is just 
outside the limit of uncertainty in the Phillips value) 
is assumed for the plot in the upper half of Fig. 1. This 
plot shows a random scatter about a straight line at 
the low-temperature end, but no systematic deviation. 
The dashed line in Fig. 1 represents the least-squares 
parameters of Keesom and Seidel, and the solid line is 
the best fit to the data plotted with y=1.5610™. 
The other parameters for this new way of fitting the 
data are a=1.39X10~ cal/deg! mole (which gives 
@o° =322°K), and B=2.44X10~7 cal/deg® mole. In the 
least-squares sense, the Keesom and Seidel parameters 
are obviously much better. Their parameters depend, 
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Fic. 1. Specific-heat data of Keesom and Seidel for zinc plotted 
as (C,—yT)/T® vs T*. (See text for explanation.) 


however, on the assumption inherent in a least-squares 
treatment that the absolute accuracy is the same for all 
points throughout the temperature range covered. 
This means that the high-temperature points, which 
are rather badly scattered, dominate in determining 
the fit. In an average deviation sense, the two sets of 
parameters are quite comparable. For all of the 44 
data points the average percentage difference between 
the measured heat capacity and that calculated from 
the three parameters is 1.1% for the Keesom and 
Seidel parameters, and 1.3% for our new parameters. 
The new 6 value appears to be quite reasonable when 
we look at higher-temperature data. Figure 2 shows a 
plot of (C,—y7T)/T* from T?=16°K? to 400°K? which 
includes data calculated from the smooth © values 
given by Smith” and the unsmoothed data of Keesom 
and Ende.'* In Fig. 2 the solid and dashed lines are 
the same as those shown in Fig. 1. The solid line (based 
on the new parameters) indicates that Eq. (1) will 
represent the heat-capacity data for zinc from 0°K to 
approximately 8°K. The dashed line (based on the 
Keesom and Seidel parameters) would indicate that 
lattice heat capacity terms in higher odd powers of T 
are important at temperatures as low as 5°K. If this 
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2 
Fic. 2. (Cp»p—yT)/T? vs T? in the range from 4° to 20°K. The 
solid and the dashed line are those shown in Fig. 1, extended to 
20°K. Points represented by closed circles (@) were calculated 


from the smooth @ values of Smith; the open circles (O) repre- 
sent the data of Keesom and Ende. 


were true, the plot in Fig. 2 should show considerable 
curvature at the low-temperature end. 

To summarize, the new parameters y, a, and 8, 
chosen to represent the specific heat of zinc, seem to be 
preferable to those previously reported because: (1) 
the new y agrees more closely with the value deter- 
mined by Phillips at very low temperatures, and the 
data plotted in Fig. 1 show no systematic deviation at 
the low-temperature end when this value of y is used; 
(2) the new 8 is in better agreement with data at 
higher temperatures; and (3) the new @ yields 322°K 
for Qo°, and this now agrees with @o” (328°K) within 
the limits of experimental error. 

Thus, it would appear that there is no significant 
discrepancy between @,° and ©,® for zinc, and that the 
reported apparent disagreement may be attributed to 
the difficulty in analyzing the low-temperature heat 
capacity of a very anisotropic metal. If our analysis is 
correct for zinc, it certainly should apply for cadmium, 
which is very similar to zinc in structure and elastic 
properties. A value of 213°+1°K has been obtained re- 
cently for Oo”; the reported value!’ of @o° is 188°K. 
Thus the apparent disagreement for cadmium is much 
like that for zinc. Unfortunately, the very low tem- 
perature specific heat, which would provide the best 
value of y, is not well known for cadmium." Also, un- 
smoothed data in the 1°-4°K region are not avail- 
able, and these are vital to the kind of analysis pre- 
sented here. 


13 P. L. Smith and N. M. Wolcott, Phil. Mag. 1, 854 (1956). 
4B. N. Samoilov, Doklady Akad. Nauk S.S.S.R. 86, 281 
(1952). 
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Frequency assignments are reported for the infrared spectra of tri- and tetramethyl- and ethyldiboranes, 
together with some of their boron-deuterated and B" isotopic derivatives. Additionally, a Raman spectrum 
of tetramethyldiborane from sources in the literature is analyzed. In assigning some of the B-C stretching 
frequencies, use is made of the recently formulated Average Rule. 





INTRODUCTION 


HILE trialkyldiboranes are relatively stable, the 

tetraalkyldiboranes disproportionate so rapidly, 
forming trialkyldiborane and trialkylborane, that it is 
difficult to obtain gas-phase spectra of pure tetra- 
alkyldiboranes. For this reason, we combine the 
examination of the spectra of tri- and tetraalkyl- 
diboranes. 

In tetraalkyldiboranes the maximum number of 
alkyl groups have been introduced into the original 
diborane molecule, only terminal hydrogens being 
replaceable.' Since in tetramethyldiborane the BH.B 
bridge has remained intact and since this molecule has 
the same symmetry as diborane, this alkyl compound 
can be used to verify assignments for bridge vibrations 
of diborane.?~ The vibrational analysis of tetramethyl- 
diborane is facilitated by availability of its liquid-state 
Raman spectrum.® 


EXPERIMENTAL 


The room-temperature reaction of methyldiboranes 
with excess trimethylborane resulted in a mixture con- 
taining tri- and tetramethyldiboranes. The mixture 
was distilled through a U tube at —95°C with pumping 
to remove any unreacted trimethylborane and mono- 
and dimethyldiboranes. The condensate then was 
passed through a trap at —90°C, and the trimethyl- 
diborane was collected at —95°C. The corresponding 
distillation temperatures for the tetra-compound were 
— 65°C and —80°C. 


* Present address: Chemistry Department, Hughes Tool Com- 
pany — Aircraft Division, Culver City, California. 

7 Present address: National Engineering Science Company, 
Pasadena, California. 
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Tri- and tetraethyldiboranes were obtained as by- 
products of the preparation of triethylborane, by 
reaction of ethylene and diborane in a 6:1 molar ratio.’ 
Triethyldiborane was collected at —35°C after passage 
through a — 23°C trap (slush of CCl,). The condensate 
from the —23°C trap was passed through a —5°C 
trap with pumping. The residue in the —5°C trap was 
tetraethyldiborane. We found it difficult to remove all 
vestiges of the tetra-compounds from the triethyl- 
diboranes because of their similar vapor pressures (0.5 
and 4 mm at 0°C, respectively) 

Tri- and tetraalkyldiboranes at room temperature 
do not decompose with the evolution of hydrogen and 
formation of polymeric solids. However, they do dis- 
proportionate. Within several hours 1,2-dimethyl- 
diborane and tetramethyldiborane were observed to a 
considerable extent in the spectrum of trimethyldi- 
borane. After about one week 1,1-dimethyldiborane 
also became evident. With triethyldiborane, 1,1- 
diethyldiborane was visible within 24 hrs; other ethyl- 
diboranes were difficult to detect because of overlapping 
absorption bands. 

Tetraalkyldiboranes disproportionate even more 
rapidly. Within minutes, or even seconds, trialkyl- 
borane and trialkyldiborane appeared in the spectra of 
both tetramethyl- and tetraethyldiboranes. Within 
approx. one-half hour, much of the tetra-compound 
thus disappeared, accompanied by an appropriate 
increase in sample pressure, according to the equation? 


3R yBoH2s52R;3B+ 2R3BeHs. 


Infrared spectra were recorded on a Perkin-Elmer 
model 21 spectrophotometer equipped with sodium 
chloride optics. The spectra of tri- and tetramethyl- 


7W. J. Lehmann, C. O. Wilson, and I. Shapiro, J. 
Phys. 28, 781 (1958). 

8H. I. Schlesinger, L. Horvitz, and A. B. Burg, J. Am. Chem. 
Soc. 58, 407 (1936). 

®For mnemonic purposes, the disproportionation process can 
be pictured as symmetric cleavage across the hydrogen bridge 
followed by disproportionation of the fragments, 


Chem. 


R«BeHos52R2BHS5R3B+ RBH. 


An RBH, fragment then combines with an R2BH fragment to 
form R3BeHs3. 
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diboranes containing isotopically normal boron (in- 
cluding boron-deuterated compounds) are reproduced 
in Fig. 1, those of the corresponding ethyldiboranes are 
shown in Fig. 2. Our measured frequencies, including 
those of the B'-enriched compounds, are listed in 
Tables I and II. The labeling scheme employed in 
previous papers of this series!?-" is continued. 

The only significant impurities in the trialkyldi- 
boranes are small amounts of the corresponding tetra- 
alkyldiboranes, most obviously apparent by shoulders 
at approx. 770 cm™ for the methyl compounds and 
approx. 815 cm for the ethyl compounds. For Ets- 
BH; a minimum intensity ratio (0.88 in our chart) 
of the 1114 cm™ to the 1072 cm™ bands was a simple 
preliminary criterion of purity [absence of (EtBH2): 
Et.BeHo, and Et;B]. The tetraalkyldiboranes dis- 
proportionate so rapidly that their spectra show ap- 
preciable absorption due to trialkyldiboranes and 
trialkylborane. These impurities are labeled in Fig. 1. 
In Fig. 2 the approximate absorptions of pure Et,B2H» 
are indicated by dotted lines. In both Figures assign- 
ments to the molecular fragments —B:H,, —Be2D,, 
and —CH; or —C:Hs are indicated by numerals [1 ], 
[2], and [3]. 

On the basis of the present study, it seems that com- 
pensating techniques® can be used to obtain spectra of 
pure R,B.H». The sample cell would be filled with a 
mixture of R,B2H. and R;B, the latter shifting the 
equilibrium away from R;B2H;. The compensating cell 
would then contain R3B alone, at the appropriate 
partial pressure needed to cancel its effect in the spec- 
trum. 
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ASSIGNMENTS 

The trimethyldiborane molecule presumably has a 
plane of symmetry through the C:BBC atoms, resulting 
in point group" C,. Both vibrational species, A’ and 
A”, are Raman and infrared active. Similarly, all 
vibrations of triethyldiborane are Raman and _ in- 
frared active, whether or not the molecule has a sym- 
metry plane. 


intensity* 
80) bsh 


(C2Hs)3B2Ds; 


ided by cell length in centimeters and sample pressure in millimeters. Abbrev iations: w 


yarent band types. 


Tetramethyldiborane probably contains three mu- 
tually perpendicular planes of symmetry and thus 
belongs to point group D.,, like diborane itself. (Even 
if partial rotation of the methyl groups were to reduce 
the actual symmetry of the molecule, the following 
treatment would still apply as an approximation to the 
C,B.H. skeleton.) The rule of mutual exclusion for 
Raman and infrared activity applies, due to the pres- 
ence of a center of symmetry. The 20 atoms have 54 
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intensity* 
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other band(s); A, 


B—H’ and B—D’ refer to bridge stretchings 


10 W. J. Lehmann, C. O. Wilson, and I. Shapiro, J. Chem. Phys. 
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2 W. J. Lehmann, C. O. Wilson, and I. Shapiro, J. Chem. Phys. 
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4G. Herzberg, Infrared and Raman Spectra of Polyatomic 
Molecules (D. Van Nostrand Company, Inc., Princeton, New 
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790 LEHMANN, 
vibrational degrees of freedom, which may be roughly 
classified as skeletal (18), methyl rocking (8), C—H 
stretching (12), CH; deformation (12), and methyl 
twisting (4). By the term “skeletal” as used here, we 
mean the motions of the C,B.H: skeleton corresponding 
to the 18 vibrations of the B,H¢ molecule.’ It is ex- 
pected that many of the ‘“‘nonskeletal” vibrations are 
accidentally degenerate. In view of the large number of 
possible vibrations, their probable accidental degener- 
acy, and the limited frequency range of the infrared 
spectra, no detailed vibrational analysis is attempted 
but rather an assignment of observed lines and bands 
in terms of characteristic vibrations. 

Assignment of the various hydrogen stretching bands 
is straightforward: the C—H bands (increasing in 
intensity as more alkyl groups are present in the 
molecule) at approx. 2900, B-H (terminal) at 2500, 
B-D at 1870, B-H’ (asymmetric in-phase bridge 
sketching) at 1600, and B—D’ at 1180 cm™. The B-H 
(and B-D) bands are now sharp peaks, since only one 
terminal hydrogen is present in R3B.Hs, and they lie a 
few wave numbers lower than in 1,2-dialkyldiboranes 
as a result of the added alkyl group at the other end of 
the molecule. Although this decrease is small, diborane 
derivatives differ in this respect from ethylene deriva- 
tives, where ethylenic C—H stretching frequencies 
seem to be unaffected by alkyl groups on the other 
side of the double bond.'* The fast growth of the 2500 
cm band (due to R3B.Hs;) in the spectrum of tetra- 
alkyldiboranes is indicative of the rapid rate of dis- 
proportionation. 

The weak bands at approx. 2120 cm™ in Me;B,"°Hs, 
Me;B2Hs, EtsB,'°Hs, and, EtsB2H; represent the B-H’ 
symmetric in-phase vibration. This “breathing” vibra- 
tion is infrared inactive in tetramethyldiborane and 
probably also in tetraethyldiborane, and no infrared 
band is observed in these spectra. However, a weak 
Raman line has been reported for MeyB:H2 (Table 
III) ,® and we assign this line to the B-H’ breathing 
vibration. The corresponding B-D’ infrared bands are 
found in Me;B,D; and Et;B2D; at approx. 1500 cm™. 

The B-H’ symmetric out-of-phase stretching vibra- 
tion is probably responsible for the band at 1880 cm™ 
in Me;B2H;. That frequency is apparently shifted in 
Ets3B2H; to 1852 cm, which seems somewhat low when 
compared to 1915 cm™ for diborane? or 1916-1957 
cm for other ethyldiboranes;!~* an alternative choice 
is the band at 1930 cm™. In Me,BoHe the 1972 cm™ 
band is a logical choice for this assignment; no band is 
observed in the weak spectrum of EtyB2H2. The corre- 
sponding B-D’ bands are seemingly masked by CH 
deformation absorptions. (The relatively conspicuous 
bands at 1404 cm in Me;B2D3 and 1389 cm@ in 
Me,B2Dy2 are too intense and of too low frequency to 

LL. J. Bellamy, The Infrared Spectra of Complex Molecules 
(John Wiley & Sons, Inc., New York, 1958). 

16 E. G. Hoffmann, Ann. Chem. Liebigs 618, 276 (1958). 
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be the B-D’ bands in question; they might be — B,D, 
bands, even though their parallel is not found in the 
ethyl compounds.) 

Assignment of B-H’ asymmetric out-of-phase to 1730 
cm in MesB2H; and to 1709 cm™ in EtsBeH; is con- 
sistent with the pattern established by other alkyl- 
diboranes. In tetramethyldiborane no suitable Raman 
line has been reported. 

In the spectra of the boron-deuterated compounds, 
residual protium content is responsible for a band at 
approx. 1620 cm™, which represents the B—H’ (single) 
vibration of a partially deuterated bridge. 

The various internal deformation modes of the methyl 
and ethyl groups give rise to bands at standard posi- 
tions. The CH; symmetric and asymmetric deformation 
of the methyl compounds have their absorptions at 
approx. 1435 (medium) and 1320 cm™ (strong), 
respectively. Both band intensities increase with in- 
creasing degree of alkylation. The latter band appears 
split by 8 or 9 cm™ in Me;B2H;, MesB2D; and Me,B.Hp; 
a similar effect has been observed in hydrocarbons 
when more than one methyl group is attached to the 
same carbon.” The ethyldiboranes have their CH; 
asymmetric and CH), deformations together at approx. 
1470 (m) and 1435 cm™ (w), their CHs symmetric 
deformation (w) at approx. 1380 (triethyldiboranes) 
or 1400 cm™ (tetraethyldiboranes), and their CH» 
wagging and twisting modes at approx. 1290 (s) and 
1245 cm™ (w). 

The BC, asymmetric stretching bands, in the 1100- 
1170 cm™ region of the methyl compounds, are easily 
recognized by their large (27 cm™) B-isotope shifts. 
In Me;B2,D; the band at 1120 cm™ exhibits B-type 
contours, as expected for such a vibration. These 
observations are in good agreement with those for 
Me2B2Hy, where the BC, vibration occurs at 1126 
cm and is shifted to 1157 cm™ in Me2B2!°H,. Similarly, 
in trimethylborane”® the BC; asymmetric stretching 
band is found at 1156 cm™ and undergoes a B" shift 
of 29 cm™, 

In ethyl compounds, the B" shift of this stretching 
vibration is somewhat smaller, e.g., 14 cm™ in tri- 
ethylborane,’ 22 cm™ in 1,1-diethyldiborane;" further- 
more, the frequencies are 10-20 cm™ lower. Hence, in 
triethyldiboranes we assign the bands at 1072-1082 
cm to the BC. asymmetric stretching vibration. 
(The 1114-1126 cm™ bands in Et3Be!°H3 and EtsBeHs, 
are assigned to BH bending—see below.) In the tetra- 
ethyl compounds the 1105-1131 cm™ bands are the 
only logical choice for assignment to BC, stretching. 

The BC: symmetric stretching vibrations, occurring 
in Me2B.H, at 829 cm™ and in Et.BeHy at 745 cm™, can 
be assigned to the medium-intensity bands in the 


1958). 
. Lehmann, C. O. Wilson, and I. Shapiro, J. Chem. Phys. 
(1959). 
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TABLE III. Raman spectrum® and infrared-active fundamentals of tetramethyldiborane.> 





Raman spectrum 


cm7! Intensity* cm7! 


Intensity® 


Infrared fundamentals 


Assignment? 





vs 
2958 
vs 
~2924 
m 
2841 


844 


651 
516 
365 
274 


w 
vs 
Ww 
vw 


Ss 


sh 


s pip 


C—H stretch. 
C—H stretch. 
C—H stretch. 
C—H stretch. 
C—H stretch. 
C—H stretch. sym. 
C—H stretch. sym. 
B—H’ sym. in-phase 
combination 

B—H’ sym. out-of-phase 
B—H’ asym. in-phase 
CH; def. asym. 

CH; def. asym. 

CH; def. sym. 


asym. 
asym. 
asym. 
asym. 
sym. 


BC; stretch. asym. in-phase 
BC, stretch. asym. out-of-phase 
CH; rock. 

CH; rock. 

CH; rock. 

BC, stretch. sym. in-phase 

BC: stretch. sym. out-of-phase 
combination (274+365 = 639) ? 
B—B stretch. 

BC: def. or BC: in-plane rock. 
CH; twist. 








® Spectrum obtained by Rice, Gonzales Barredo, and Young (see work cited in footnote 6). 


n b 2 ie tag : 

» Raman and infrared activity follows the rule of mutual exclusion. 
© Abbreviations: w= weak, m=medium, s=strong, v 
4 Assignment of present authors. 


770-855 cm region of the various tri- and tetra- 
compounds under discussion (see Tables I and II). 
In isotopically normal di-, tri-, and tetramethyldi- 
boranes, the frequencies are 829, 810, and 772 cm“, 
respectively. 

In tetramethyldiborane, there actually are four BC, 
stretching modes, of which only two are expected to 
appear in the infrared spectrum, namely the asymmetric 
in-phase (d,,) and the symmetric out-of-phase (d3,) 
oscillations. The other two, the asymmetric out-of- 
phase (b.,) and the totally symmetric in-phase (a,) 
vibrations, should appear only in the Raman effect. 

Considering the type of boron motion, and also from 
analogy with such compounds as C2F;,!**! we would 
expect the frequency of the Raman-active, asymmetric 
out-of-phase vibration to differ only slightly from that 
of the infrared-active asymmetric in-phase mode at 
1111 cm™. There is then no doubt that the strong broad 
Raman line (broadened by the B"-isotope effect) at 
1100 cm™ represents the asymmetric BC: mode. 

The totally symmetric B-C stretching frequency 
should appear as a fairly strong line in the Raman 
spectrum. To choose between the two possible can- 


9 P). E. Mann, L. Fano, J. H. Meal, and T. Shimanouchi, 
J. Chem. Phys. 27, 51 (1957). 

DP. E. Mann, N. Acquista, and E. K. 
Natl. Bur. Standards 52, 67 (1954). 

J. R. Nielsen, H. H. Claassen, and D. C 
Phys. 18, 812 (1950). 


Plyler, J. Research 


. Smith, J. Chem. 


=very, b=broad, sh=shoulder. 


didates, 844 and 516 cm™ (see Table III), we re- 
sorted to our recently formulated” Average Rule. 

Briefly, this method involves the following principle. 
When all other interactions can be neglected, the aver- 
age of the symmetric and asymmetric stretching fre- 
quencies of an isolated X Y2 group is equal to the single 
stretching frequency of an X— Y group. When applied 
to XY; groups, where the asymmetric stretching fre- 
quency is doubly degenerate, the weighted average is 
used. (The asymmetric frequency is counted twice.) 
Strictly speaking, mean values should be obtained from 
squares of frequencies, i.e., we should use root-mean- 
square values. However, in view of the approximations 
involved, the simpler averages are usually sufficient 
for most purposes. This scheme has been found applica- 
ble to a large number of compounds.” 

The averages of the symmetric and asymmetric BC, 
stretching frequencies in Me.B2H, and Me;BeH; are 
978 and 979 cm™, respectively. The weighted average 
for Me3B is'’"8 996 cm. Using 516 cm™ for the a, 
vibration in Me,BeHe, we obtain the too-low average 
of 875 cm~ for the four vibrations, while adoption of 
844 cm™ leads to an acceptable average of 957 cm™ 
Further it should be noted that the average of 808 
cm-', for the in- and out-of-phase symmetric stretches 
(844 and 772 cm~) is close to the observed BC: sym- 

2 W. J. Lehmann, Spectroscopia Mol. 9, 62 (1960); details 
will be published elsewhere. 
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metric stretching frequencies in Me;B2H; (810 cm=) 
and MesBeH, (829 cm). 

Just a few strong bands remain to beassigned. Through 
correlation with other alkyldiboranes”” and by noting 
the various B” shifts, we are able to assign the band 
at approx. 1120 cm to the BH in-plane bending modes 
in Me;B.H; and Et;B2H;. The corresponding BD 
vibration is found at 998 and 1033 cm™ in Me3;BeD; 
and EtsBeDs;, respectively. The low value for Me;B.D3; 
is due to resonance with the CH; rocking band at 1075 
cm™ (see following paragraph); the unperturbed 
frequency would lie at approx. 1030 cm“. 

Methyl rocking motions account for the bands in the 
1055-1078 cm region of the trimethyldiboranes and 
in the 1007-1031 cm™ region of the tetramethyldi- 
boranes. Their frequencies, observed intensities, and 
B shifts are consistent with those in the 1,2- and 
1,1-dimethyldiboranes.”" The frequency in Me3B2D3 
is raised approx. 30 cm™ by interaction with BD bend- 
ing (see foregoing paragraph), which labels it as an 
in-plane rocking mode. 

A second methyl rocking mode probably produces 
the bands in the 900-940 cm region, again in agree 
ment with such bands in all the other methyldiboranes. 

In each of the tri- and tetraethyl compounds, two 
bands in the 980-1060 cm™ region can probably be 
assigned to methyl rocking vibrations. In Et;B.D; 
the BD deformation is coincident with one of these. 
The 980 cm rocking modes are probably coupled to 
some extent with C-C stretching at approx. 920 cm“. 
All these assignments seem compatible with similar 
ones in other ethyldiboranes. Bands at 755 in Et;B."°H; 
and EtsBoeH; and at 794 cm in EtsBeD3 could 
conceivably be CHp rocking bands, assigned to 794-826 
cm in other ethyldiboranes containing single ethyl 
groups, viz., mono- and 1,2-diethyldiborane. In none of 
the alkyldiboranes, including trialkyldiboranes, have 
we been able to assign a B-C (single) stretching fre- 
quency. These may be masked in the 950 cm™ region. 

Out-of-plane BH bending modes have frequencies 
of approx. 900-920 cm™ in other alkyldiboranes. This 
motion is probably responsible for a weak absorption 
in Ets;B2H; at 907 cm and is masked in Me;BeH; by 
the CH; rocking band at 935 cm™. The corresponding 
BD oscillation appears at 855 cm™ in Me;BeD; and is 
masked by the BC. symmetric stretching band in 
EtsB2D3. 

Mostof theremaining infrared bands are dueto— BoH, 
and —BeD, combinations (and/or overtones) or are 
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labeled as impurities. Especially notable in the latter 
category are the prominent 1147 cm™ band in Me,B.H2 
(due to Me3BsH; and Mes3B) and the 855 cm band 
in EtyB,D» (due to EtsB2D3). Other bands have already 
been mentioned in the “Experimental” section. The 
complete assignments for the infrared bands are 
are included in Tables I and II. 

In the light of the present investigation a detailed 
examination of the Raman spectrum® of Me,BeHo, 
listed in Table III, is revealing. In general, the scarcity 
of Raman and infrared coincidences substantiates the 
presence of a center of symmetry, i.e., the Ds, model. 
( BB" in general does not introduce much asymmetry. ) 
The C-H stretching lines in the 2841-2985 cm region 
and the CH; deformation at 1445 cm~ are assigned in 
the usual manner, and the B-H’ breathing vibration 
at 2137 cm and the two BC» stretching frequencies 
at 1100 and 844 cm™ have already been discussed. The 
1987 cm line probably is a combination or an over- 
tone. The 1003 cm™ line is naturally assigned to methy] 
rocking. 

B—B stretching, a totally symmetric vibration, is 
expected to yield a strong Raman line. In BesH¢e and 
BoD, this vibration ist at 788 and 712 cm™, while in 
1,2-dimethyldiborane we have tentatively assigned 746 
cm to this mode. Thus, the very strong line at 516 
cm is a “natural” for this assignment. 

Three low-frequency Raman lines remain, viz., 651, 
365, and 274 cm~. In a number of compounds contain- 
ing the Me.B grouping,!”*.4 BC, deformation and in- 
plane rocking modes have been assigned to the 300- 
370 cm™ region, and the 365~ line probably represents 
one of these modes. Out-of-plane wagging in those same 
related compounds has been assigned to the 400-520 
cm7! region, but we observe no such line. The line at 
274 cm™ can reasonably be assigned to methyl twist- 
ing.45 The 651 cm™ line could possibly represent a 
combination of the 365 and 274 cm™ vibrations. Our 
completed assignment of the reported Raman lines is 
included in Table III, together with assigned infrared- 
active fundamentals. 
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Large polynuclear aromatic molecules ionize like fragments of graphite, and their ionization potentials 
approach the sum of the graphite work function v,, and the electrostatic work of charging a conductor the 
size and shape of the molecule. The capacitive work for a single charge is «= e?/2C, where C is the molecular 
capacitance. In the limit of large size, the work to remove n electrons is W,=mvgr-+mn?u. This limiting law 
implies a relation among successive ionization potentials and the electron affinity, which is well satisfied by 
anthracene and phenanthrene, and moderately well by naphthalene and even benzene. For larger mole- 
cules, C, and therefore u, can be estimated classically by assuming the conducting region is bounded by the 
carbon skeleton, and computed by analog measurements on metallic models; results are tabulated for a 
series of aromatics. The relation between the limiting law and more detailed quantal formulations is dis- 
cussed, and the magnitude and trend of some expected deviations are explored with the help of a simple 


free electron picture. 


INTRODUCTION 


HAT many properties of large polynuclear aro- 

matics must approach those of graphite in the limit 
of large size is common knowledge. Among these 
properties are the ionization potential and the electron 
affinity, which are expected to approach the work 
function of graphite. Although the work function itself 
depends upon the inevitably quantal behavior of the 
r-electron gas, it may be looked upon as a macroscopic 
property of the material, measured by experiment, and 
as such, it gives a classical limit for the ionization 
potential and electron affinity of the large aromatics. 
So much is well known. It seems not to have been 
noticed that an improved classical limit can be found 
by considering the electrical properties of finite par- 
ticles of graphite. My purpose in this paper is: to 
develop this new classical limit; to show that it leads 
(a) to a relationship between successive ionization 
potentials, and (b) to an approximate, classical calcu- 
lation of the ionization potentials; to demonstrate that 
both (a) and (b) are in reasonable agreement with 
experiment; to provide predictions for other un- 
measured molecules for comparison with future meas- 
urements and with more detailed calculations; to esti- 
mate roughly the points at which this classical limit 
‘hust diverge from the correct microscopic quantal 
behavior; to show how this classical limit must ulti- 
mately merge with a more detailed quantum me- 
chanical formulation of the problem; and to point out 
that quantal calculations should be tested by seeing if 
they extrapolate properly to this classical limit. 


I. CAPACITIVE ENERGY. THE CLASSICAL LIMIT 
AND ITS CONSEQUENCES 


This approach originates from recent work on the 
ionization of solid conducting particles, where the 
potentials for successive levels of ionization differ from 


* Supported by U. S. Air Force, Air Research and*Develop- 
ment Command. 


the work function of the solid in bulk by the classical 
electrostatic work required to charge up the particle. If 
the particle is a conductor of capacitance C, its cou- 
lombic capacitive energy when it is charged to a level 
of m electronic charges is (ne)?/2C; to this must be 
added n times the work function v, which is the energy 
needed to raise an electron from the Fermi level in the 
lattice to a level where it could escape from the semi- 
infinite solid, for which the coulombic charging energy 
vanishes. The total work to remove » electrons is then 


W,,=nv-+ (ne)?/2C, (1) 


and the nth ionization potential, corresponding to the 
process At*-\+At*--¢, is'? 


on=0+ (n— 7e/C. (2) 


If n<0, electron affinities are obtained. It is often 
assumed that the particles are spherical, in which case 
C=4rer, where @=8.854-10-" farad/meter is the 
dielectric constant of space. Another simple shape, 
which might be approached by graphite particles, is the 
thin circular disk, for which C= 8eor. 

It is generally accepted that the ionization potential 
and electron affinity of the polynuclear aromatics 
approach a common limit which is close to the work 
function of bulk graphite. This seems justified by the 
fact that the layers in bulk graphite are so far apart 
and so weakly bound (about 1.5 kcal or 0.065 ev per 
atom interlayer binding energy’) ; there is also evidence 


1F. T. Smith, J. Chem. Phys. 28, 746 (1958) and Proceedings 
of The Third Conference on Carbon (Pergamon Press, London, 
1959), p. 419; see also T. M. Sugden and B. A. Thrush, Nature 
168, 703 (1951). 

2H. Einbinder, J. Chem. Phys. 26, 948 (1957), interested pri- 
marily in the average behavior of large highly charged particles, 
makes an approximation equivalent to neglecting a term e/2C 
in Eq. (2); in this he is followed without comment by A. A. 
Arshinov and A. K. Musin, Doklady Akad. Nauk S.S.S.R. 118, 
461 (1958), and Yu. S. Sayasov, ibid. 122, 848 (1958). 

3H. Inokuchi, S. Shiba, T. Handa, and H. Akamatsu, Bull. 
Chem. Soc. Japan 25, 299 (1952). 
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TABLE I. The relation between successive ionization potentials.* 


Experimental values 
Molecule 


Benzene +0.54)> 


Naphthalene —0.65 


Anthracene —1.19 


Phenanthrene 0.69 


Graphite 


® All values in electron volts. 
> Extrapolated value (reference 9). 


from the dielectric susceptibility that the interlayer 
effect on the conduction electrons is very small.‘ We 
may thus assume that large enough particles of a single 
graphitic layer will have successive ionization potentials 
governed by Eqs. (1) and (2) with v approximated 
very closely by the work function of graphite, 2,,= 4.39 
ev.> This, then, is the limiting behavior that must be 
approached by the ionization potentials of large fused- 
ring-aromatic molecules. 

Two consequences can be derived from Eqs. (1) and 
(2) which have predictive value and can be compared 
with experiment. These will now be examined in turn. 


A. Relationship between Successive Ionization 
Potentials 


Besides the work function, which is known, Eqs. (1) 
and (2) contain only one additional parameter, the 
capacitance C of the molecule or particle. If this is 
unknown, these equations nevertheless predict a 
relationship between successive ionization potentials 
for a single molecule. It will be informative to see how 
closely this limiting relationship is obeyed by the 
molecules for which measurements are available. 

Since the capacitance occurs inconveniently in the 
denominator, let us introduce the specific capacitive 
potential (or simply specific potential) by the equation 


u=e/2C; (3) 


with this, Eq. (1) becomes 


W,=nv+n7u. (4) 
Eliminating « between equations of this form for two 
different levels of ionization, n and m, we can predict 
successive ionization potentials (or electron affinities) 
from the measured value of any one of them. Equiva- 
lently, from measured values W, and W,, we can 


*R. R. Haering and P. R. Wallace, Proceedings of the Third 
Conference on Carbon (Pergamon Press, London, 1959), p. 183. 
5 A. Braun and G. Busch, Helv. Phys. Acta 20, 33 (1947). 


Effective work 
function 


Estimated 
triple 
ionization 
potential 
(limits) Ws 


Effective specific potential 


20 U1 ,0 Moy 1-1 


4.96 
3 


.40 55.52:2.7 


81 46.2+1.! 
3.18 41.4+0.5 


3.67 45.80. 


compute 
Unm=Lmn/(m—n) J (Wa/n*) — (W/m?) ]~ r¢r, 


and test the predicted relation by seeing how close the 
values Ynm Come to each other and to 2,;. On the other 
hand, eliminating v, we can also compute 


thnm = (n—m)(W,,/n) — (W,,/m) ], 


(5) 


(6) 
and 

Uno= nN" (W,,/n) — r¢r ], 
and see, for a given molecule, how close these come to a 
common value «. Electron affinities can be used in the 
same comparison, since the electron affinity is 


(7) 


Am=— W_m. (8) 
A special case of Eq. (5), derived long since on other 
grounds,’ is the rule that the electron affinity and the 
first ionization potential tend to be equidistant from 
the work function of graphite, Ai+W = 20; 122,,. 
The recent experiments of Wacks and Dibeler’ make 
it possible for the first time to compare single and 
double ionization potentials for a series of polynuclear 
aromatics.’ Their values of W; and W, are used for 
such a comparison in Table I. In addition, I have used 
what seem to be the only available experimental data 
on electron affinities for these molecules, those of 
Blackedge and Hush, cited by Hush and Pople’ but 
apparently not yet published elsewhere; they seem to 
give a striking confirmation of the rule that A; and W, 
are balanced about the graphite work function. It is 
worthy of remark that v, depending on Ws, also 
converges rapidly to the graphite value, the deviation 
being only 3% for anthracene and 2% for phenanth- 


®R. S. Mulliken, J. chim. phys. 46, 497 (1949). 

7M. E. Wacks and V. H. Dibeler, J. Chem. Phys. 31, 1557 
(1959). 

8 For benzene, the double ionization potential was observed 
earlier by A. Hustrulid, P. Kusch and J. T. Tate, Phys. Rev. 54, 
1037 (1938). 
9N. S. Hush and J. A. Pople, Trans. Faraday Soc. 51, 600 

1955). 





IONIZATION OF AROMATIC HYDROCARBONS 


TABLE II. Ionization potentials and the classical] specific potential. 








Corrected 
classical 
specific 
potential 
(Eq. 39) 


Classical 
specific 
potential 
(from metallic 
model) 


Effective 
specific 
potential 


Experimental 
ionization 
potential 

Reference W,(A—A*) 


Molecule U10= Wi — rer 


uo=e?/2Co 





9.38 
Naphthalene 8.26 


Benzene 
Anthracene 7 
Phenanthrene 8. 
Tetracene 

1,2-Benzanthracene 

3,4-Benzphenanthrene 

Pyrene 

Chrysene 

Perylene 


Coronene 


8.24 
3.9 5.89 
3.2 4.43 
3.6 4.63 
3.81 
4.04 
3.98 
4.22 
3.81 
3.67 
3.34 


4.99 














® 3.05 calculated for circular disk. 


rene. One may confidently predict that the agreement 
will be even better for larger molecules, and not much 
worse for triple and higher ionization. Predicted values 
of W3, based on Eq. (7) and the spread of values of 
Uno, are given in Table I. 


B. Classical Estimates of Molecular Capacitance 


If the molecule is large enough, it should be possible 
to estimate its capacitance, and thus the parameter 1, 
classically. It seems reasonable to assume that the 
molecule behaves as a conducting plate, bounded by the 
peripheral carbon skeleton of the aromatic system. 

How small a particle can be treated by this model ? 
The molecule coronene, C»Hz, is sufficiently symmetric 
to be treated as a circular conducting disk bounded by 
the outer carbon atoms, for which r=3.70A; from 
this C=8er=2.62-10°* puf, u=e?/2C=3.05 ev, and 
Wi=gr+u=7.44 ev. Unfortunately the ionization 
potential of coronene has not been measured directly, 
but Matsen has derived a value of 7.50 ev from a 
correlation of ionization potentials and electronic 
spectra” while Briegleb and Czekalla have deduced 
7.6 ev from charge-transfer spectra of complexes." 
This agreement is sufficiently encouraging to prompt 
similar comparisons for other molecules, even though 
computation is not so easy for less symmetrical con- 
figurations. However, numerical computation can be 
evaded by taking advantage of the fact that capaci- 
tances scale just as a linear dimension. I have, there- 
fore, resorted to measuring the capacitances of flat 
metallic models composed of hexagons three inches 


10 F. A. Matsen, J. Chem. Phys. 24, 602 (1956). 
1G. Briegleb and J. Czekalla, Z. Elektrochem. 63, 6 (1959). 


on an edge; details of the method and necessary cor- 
rections are given in the Appendix. A comparison with 
available experimental values’""-" is given in Table II. 
The computed and measured values of « appear to be 
converging satisfactorily for the larger of the still 
small molecules for which they are known; beyond 
phenanthrene, a considerable error no doubt resides in 
much of the experimental data for W;. In general, 
Table II shows that the simple classical models predict 
values for u that come within about 30% of the experi- 
mental ones; in terms of the total ionization potential 
W, the error is reduced to about 15%. Thus, the simple 
classical limit gives an excellent first approximation to 
these ionization potentials. In the expectation that 
further experimental data will improve the quality of 
the agreement, and perhaps reveal systematic effects 
worth more detailed study, results of the analog com- 
putation with metallic models are given for an extensive 
series of molecules in Table ITI. 


Il. MOLECULE AND SOLID— 
THE MICROSCOPIC PICTURE 


A. Molecular Capacitive Energy 


How does the macroscopic, classical treatment of 
the last section tie in with a microscopic, quantum 
mechanical description of the molecular system? 

Consider the molecule as an array of N more or less 
graphitic carbon atoms, surrounded by other atoms 
such as hydrogen that need not be closely specified. 
The total energy of the molecule, or of any of its ions, 
in the lowest state, can be divided uniquely into 
kinetic and potential energies, plus magnetic and spin 


2D). P. Stevenson (unpublished). 
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TABLE III. Specific potential computed classically.* 
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IONIZATION OF 


terms that can be neglected here: 
Fo= To+ sae ths 
Eyn=Tyn+U 4 . (9) 


Since we need not actually compute them, we may 
envisage T and U as average values obtained by ap- 
plying the appropriate quantal operator to the com- 
plete, accurate, wave function for the ground state of 
the molecule or ion. The potential energy U,,,, includes 
the mutual repulsion of all the nuclei as well as the 
electron interactions, so it includes all the energy of the 
electrostatic field. The nfold ionization potential is 
given by 


W, a> I ia" Eo 


(Tyn— To) +(Usn—l (10) 


and the potential energy contribution (U,,—U%) 
includes the nuclear repulsion as well as their attrac- 
tion for the electrons. 

Let us now compare this with the description of a 
large flat graphitic sheet, in which the total energy per 
atom is 


E,=T,+U,++>. (11) 


The work function, the energy required to remove an 
electron from the semi-infinite two-dimensional solid, 
can be formally defined by taking the limit of Eq. (10) 
as the number of atoms in the particle goes to infinity 
(in such a way that the size of the particle grows 
as N- in 2 perpendicular directions) : 

v= lim W41(N) =7,+U,4 


Noe 


(12) 


It is useful to consider the difference function defined by 


bin= Eyn—(NE,+00). (13) 


This includes all effects due to the edge of the molecule 
(including the nongraphitic border atoms), and also 
the energy of compressing the excess positive charge 
into the region of the molecule. The effects around 
the edge (such as o bonds to the bordering H atoms) 
will in large part cancel out when we subtract 49 from 
6,, to construct the quantity 


€n,0= b4n— b0= Wy,— 2. (14) 


Let us now look at the electrostatic energy contribu- 
tion to fn. It is convenient to use units such that 
4rey= e=1. If the total electron density at any point r, 
when the molecule is in the +7 ionized state, is p,,(1r) 
and the nuclei are fixed at the positions r; (their 
zero-point vibrations are unimportant in this context), 
the potential energy of the system is 


yf qi -Lo fs r 


p> 2r ij 


+(1- ert ay 


U a= 


T) pn (tr bts dy’ 
2\|r—r’| 
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where M is the total number of electrons in the neutral 
molecule, and J,, is a correlation term which com- 
pensates for the use of the product of densities p,,(1r) 
p4n(¥’) in the double integral instead of the correct 
correlated double density p(r, r’) 

We can define the quantity 


Sin(¥) =n“ [po(r) —pyn(¥) |, 


which obeys the condition 


[s.nnyar= Ks 


NS4n(¥) is the distribution of electron holes, by com- 
parison with the neutral molecule. Subtracting Uo 
from U’,,,, we find 


(17) 


Uin—U; 


qi 1 yf r’ BA : 
: (YP) —({1— ; |\d*r 
n fs 7 Pires ( M—n r—r’ || 
n Pair 
M(M—n)JJ 2|r-'| 


n(¥)Sin(0’)drd*r’ | 
+n(1= _ —\ ffs ar y +(. —Jo). 
M—-n 2 | 


(18) 


In the limit of large N the first term in (18) becomes 
the potential energy contribution to the work function, 
U,, the second vanishes as M-}, and the third gives 
the classical capacitive energy. The correlation term 
(J4n— Jo) may also contribute to U, and to the double 
integral that becomes the capacitive energy. However, 
its contribution to the latter integral is tantamount to a 
correlation of the holes represented by the distribution 
s4n(f), and must become insignificant as the density 
of holes diminishes with the increase in V. 

For any ionized system, small or large, a capacitive 
energy can be defined by the third term in (18), that is, 
by inserting the distribution of holes ms,,(f) in the 
classical integral for the electrostatic energy of the sys- 
tem. This will make it possible to compare the results 
of quantum mechanical calculations with the simple 
classical limit, n?u=n?(e?/2C). Obviously, the distri- 
bution of holes s;, will tend to become independent of 
n and will closely approach the classical distribution 
of charge, in order to minimize the total energy of the 
system. 


B. The Ionization Potential as a Power Series 


The character of the limiting law can be seen more 
clearly if one expands W,, in negative powers of the 
average molecular radius R. In the limit, # is inversely 
proportional to R, and it is convenient to introduce a 
quantity that depends only on the shape S of the 
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molecule or particle and can be computed classically: 


gs= lim (Ru) = lim (Re?/2C). (19) 


Ra R+ 

Since the work function v is defined by the limit (12), 
it may be necessary to include in the effective work 
function (as it appears in Eq. (5), for instance) an 
R~ term involving another, possibly shape dependent, 
parameter as. Such a term represents, among other 
things, the second term on the right of Eq. (18). With 
these terms, the expansion is : 


Win( R, S) =n(v+asR"') +77R“'¢Q5 


+R hsg(n)+e--+- (20) 


The form of the terms of order through R™ is such as to 
satisfy Eq. (12) and the requirements of classical 
electrostatics when R is large but finite. 

| 


Using this expansion Eqs. (5)—(7) become 


vt+asR!+ R?(m—n)[ (m/n) hs(n) 
(n/m) hs(m) }- 
R“gs+ R?(n—m) 


nhs (n) —mhg(m) }- 


Uno = 


+R log + R-2n his %}e* 


As we have seen, the difference (v—2,,) is probably 


negligible (<<0.1); and it appears from the close 
convergence of the values of u,9 for each of the mole- 
cules in Table I that |a@s| is probably very small 
compared to gs, so that the entire first term in Eq. (23) 
can usually be neglected. 

In practice, one would like to use the first terms of 
Eq. (20) not merely as a limiting law, but to estimate 
ionization potentials of real, not very large, molecules. 
For this purpose it is desirable to have some idea, 
even if very rough, of the principal sources of deviation 
from the ideal limiting classical model. The next sub- 
sections are devoted to this question. 


C. Kinetic Energy 


[It has so far been assumed implicitly that the 
kinetic energy contribution to the ionization potential 
W.,, is assignable to the work function v. In order to 
verify this and assess possible corrections, it is useful to 
assume that the kinetic energy of the 7 electrons that 
participate in the ionization behaves much like the 
kinetic energy of particles in a box. This permits us to 
use the simple considerations of the free electron theory 
of metals 

If one treats the molecule as a fragment of graphite 
containing V aromatic carbon atoms and .V, conduc- 
tion electrons, and neglects edge effects and the 
periodicity of the lattice, the separation of variables 
in the dynamical problem allows one to examine the 
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motion of the electrons parallel to the plane of the 
molecule as an isolated problem. (In the perpendicular 
direction, all r orbitals have the same structure, so the 
electrons behave as two-dimensional conduction elec- 
trons only.) The energy levels in a two-dimensional 
box of area A are 


U=k?/2m=h?(n2+n,2) /2mA, (24) 


where U is measured from the bottom of the box, 
— EK». The highest filled level is the Fermi level mr, 
with energy Uy, and the total number of filled levels, 
with U<Uy, is roughly any’. Each level can ac- 
commodate 2 electrons, so the total number of  elec- 
trons is related to mp and Uy by 


V.=2rnr 
and 


Up=h’ng?/2mA =I N,/4amA. 


In graphite, V,=N and 


A =ag.N = (3) V3reN, (27) 
where dy, is the area per C atom in a graphite layer and 
ro= 1.42A is the C 


C distance, so 


Urp(gr) =e= (22/3) v3are2m=9.15 ev, (28) 


and we can make the identification 


Ugr = Ey-— €. ( 29 ) 


In the aromatic ions, the number of 7 electrons, 


N,=N-—n, (30) 
is not very large, and the Fermi level shifts as electrons 
are added or removed. The work of removing an elec- 
tron from the (+-—1) ion is then 


Wa»aa= Eo— UF» [= Fo—e{1—L( n— 1), N]} 


=Use+(n—1)eN—, (31) 


Including the capacitive term, the nfold ionization 
potential becomes 

W 4.n=N(Vgr— EN) +n? (utteN—). (32) 
The kinetic energy thus contributes a correction varying 
as N- or R™ to both the effective work function and 
the effective specific potential. The magnitude of this 
correction is not reliably estimated by this simple 
argument (a more sophisticated metallic model would 
introduce the band structure and a corrected effective 
mass for the electron, changing the magnitude of €), 
but taken at face value it would amount to about 0.3 ev 
for anthracene and phenanthrene. In this simple model, 
the pairing of the electrons in an orbital has been 
neglected insofar as it would introduce a correction of 
similar magnitude, alternating as 7 is even or odd. 





IONIZATION OF 

Another effect of the kinetic energy term is revealed 
by this picture of the electron as a free particle in a box. 
Conditions at the edge of the molecule may give the 
electron an effective area for free motion different from 
that corresponding to N graphitic unit cells. Introducing 
the area A+6A in place of A=Na,, in Eq. (26), one 


finds 
5A € A ) 


P € A 
+05 Tai) wv 


As an edge effect, the term 64/(A+6A) varies as 
R™", and diminishes slowly with size. However, it is 
expected to be very small, since any pronounced 
redistribution of electrons to or from the edge will lead 
to a charge separation opposed by the electrostatic 
forces, which tend to maintain charge neutrality in 
each unit cell in the neutral molecule and the classical 
capacitive distribution in the ion. 

This discussion suggests a general observation. It is 
often assumed, on the basis of Koopman’s theorem, that 
ionization potentials and electronic excitation levels are 
linearly related. However, electronically excited mole- 
cules are still electrically neutral, and probably main- 
tain charge neutrality very closely in each unit cell. 
Thus, the levels of electronic excitation can be thought 
of as involving mainly changes in the kinetic energy 
of the electrons; this would make the success of the 
free electron model in its various forms understandable. 
If this is the case, the electronic spectrum should tend 
to vary as R~ with increase in molecular size, while 
we have seen that the ionization potential depends 
mainly on the capacitive energy which varies as R™. 


W..= nb +¢ 


D. Polarization 


In the customary phenomenological discussion of the 
work function, it is pointed out that the electron, once 
it has been removed to a finite distance from the solid, 
exerts a polarizing influence on the conducting surface. 
This interaction is included in the work function, but 
its magnitude will depend on the size and shape of the 
particle, and it is worthwhile to estimate how it changes 

For an ideal semi-infinite plane conductor, the inter- 
action can be treated as being due to an image force 
which varies as —e?/167e x2, where x is the distance 
from electron to surface. This corresponds to an effec- 
tive potential energy —e?/16megx. When x is as small as 
atomic dimensions, the surface no longer appears as an 
ideal plane conductor; this is usually treated by 
assuming a cutoff in this image potential at some 
distance x». The work function then includes a term 
of the form —2;=e?/16re x. 

When the molecule to be ionized is not very large, 
the image force is reduced, and an estimate of the 
magnitude of the resulting change in the effective image 
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potential can be obtained in the case of a spherical 
particle of radius R, for which the image force is 


F; r= — (€/16me9) (x?— (x+2R)~). (34) 


This can be derived from the effective image potential 


v;R2>=>~ e7/ 1 Orenx+ e?/167e9 (a+ 2R) = (35) 


This will have a cutoff at the same distance x», and the 
work function then has a term 


—VUiR (x) — e?/16menxo— e?/ 1679 (xo+ 2 R F. (36) 


The effective work function for a sphere is therefore 
reduced below what it is for the semi-infinite solid: 


Av,;=e?/16meo (xo t+2R) = (€/8C) (1+4/2R)—. (37) 


It is not quite clear how the computation should be 
made for a nonspherical molecule, since the cutoff 
distance x» will then have to depend on the path the 
electron is supposed to follow. However, we can ignore 
xo in (37) and assume the correction in general to be 
represented roughly by e?/8C=«4/4. Adding this to the 
principal terms in the effective work function from 
Eq. (33), we have 


V=grt+[ (€5A/A) — (u/4) J—(€/2N). (38) 


The terms in parentheses are grouped together because 
they fall off as R-'. The experimental data in Table I 
suggest that the polarization effect has been con- 
siderably exaggerated by this argument, and that if it 
exists it is much smaller than “/4. 


E. The Classical Capacitance 

The classical capacitances used in Tables II and III 
were obtained from metallic models which assumed the 
capacitive charge distribution to reside inside the 
carbon skeleton of the molecule. As Eq. (18) shows, the 
capacitive energy properly is computed from a dis- 
tribution of holes in an electron cloud that may extend 
somewhat beyond the framework of the nuclei. Thus the 
capacitive energies were overestimated, and the error is 
worst for the smallest molecules; this is borne out by 
Table II. To correct for this error, the classical estimate 
ue, can be multiplied by (1+46r/R)—. Including the 
term from Eq. (33), the effective specific potential is 


U= Ue) (1+6r/R)—!+€/2N = ter +[(€/2N) — ter (5r/R) | 
+e1(6r/R)?+++. (39) 


In the limit, all the correction terms vanish faster than 
Up, itself. 

The requirement that the electron distribution lead to 
approximate charge neutrality in the region of each 
nucleus in the neutral molecule suggests an alternative 
simple model for the electrical behavior. Let us suppose 
that the molecule is simply cut from a sheet of graphite 
in such a way as to bisect all the exterior C—C bonds, 
leaving ‘each nucleus surrounded by a triangular unit 
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cell throughout which the electrons are free to move. 
Metallic models constructed for this configuration 
would give another classical estimate for the capacitive 
energy. Benzene and coronene are then embedded in 
hexagonal figures, for which the capacitive energies are 
Uo) =4.76 ev (benzene), wmM)’=2.38 ev (coronene). 
Alternatively, one may use Eq. (39), assuming 6r= 
0.71A, half the C—C distance, and taking R as the 
geometric mean of the longest and shortest diameters 
of the molecular skeleton. The values of 2,1’ in Table IT 
were obtained in this way, with the addition of the 
term ¢/2N (which varies from 0.76 ev for benzene to 
0.19 ev for coronene). 

It is interesting to compare the quantal distribution 
of holes s,,(r) with the classical distribution in an 
ideal conductor. If the conductor is a circular disk, 
the classical distribution is well known," 

g(r) = (Q/2rR?) (1—r°/ R?) +4. (40) 
Near the center of the disk, the charge density is half 
of what it is in a uniform distribution. Quantally, the 
infinity at the edge will be reduced to a high peak near 
the edge, and a gradual tail will remain beyond the 
classical edge. 


F. Discussion 


In a properly rigorous treatment, the argument of the 
last three subsections would have been based on Eq. 


(18) and its analog for the kinetic energy. However, 
such a line of argument could not have been pursued 
very far without introducing drastic approximations, 
and it seemed more fruitful at the beginning to use very 
simple intuitive arguments, realizing that they should be 
superseded later and may be wrong at some points. 

The modern structure of molecular orbital theory 
has been quite successful in predicting some single and 
double ionization potentials,® and it is clear that a 
bridge should eventually be built between that ap- 
proach and the one of this paper. 

Among the points that have been neglected in this 
paper are spin dependent effects, which are of some 
importance in the smaller aromatics because the spin 
multiplicity changes from level to level of ionization. 
Also, the change in nuclear equilibrium positions has 
been ignored, on the double grounds that it rapidly 
becomes small for the larger molecules, and that we are 
usually confronted experimentally with ‘“‘vertical’’ 
ionization potentials, in which the nuclei have not had 
time to move toward a new equilibrium position. 

It hardly need be said that many of the considera- 
tions in this paper apply to other large systems of con- 
jugated double bonds as well as to the fused-ring 
aromatics. It will be interesting, for instance, when the 


3J. H. Jeans, Mathematical Theory of Electricity and Mag- 
nelism (Cambridge University, Press, 1925), 5th ed., p. 249. 

14 R. M. Hedges and F. A.’ Matsen, J. Chem. Phys. 28, 950 
1958). 
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potentials for single and double ionization of other such 
systems become known, to compute the effective work 
function and specific potential from them, and see how 
the former compares with the work function of graphite. 
It may also be possible to estimate their molecular 
capacitances by classical metallic models judiciously 
designed. It has also been suggested to me recently by 
Professor D. F. Hornig that the same principles may 
apply to the ionization of large aliphatic systems, where 
the electron may be removed from the aggregate of 
o electrons of the molecular skeleton; in this case, the 
effective work function will be quite different from that 
for m electrons. 


APPENDIX 
An Analog Estimate of Molecular Capacitances 


Formulas are known for the capacitance of con- 
ducting objects of various simple shapes including 
circular and elliptic disks, and they can be used for a 
classical estimate of the capacitance of symmetrical 
molecules like coronene. For less regular shapes nu- 
merical methods would be tedious, and it is possible 
instead to make use of the fact that capacitances scale 
in proportion to a linear dimension for objects of 
similar shape and can be measured readily for models of 
reasonable size. We have therefore been able to use 
metallic models composed of hexagonal disks to 
simulate the conducting region within the C—C 
skeleton of polynuclear aromatic molecules. Chemical 
syntheses can be performed rapidly with a soldering 
iron, and capacitances measured with a Q-meter do the 
duty of appearance potentials in a mass spectrometer. 

The models were made of hexagons, 3 in. on an edge, 
cut from brass sheet (the models of benzene, naph- 
thalene, and anthracene were bigger, 5.635 in. on an 
edge). A wire running in the plane of the model and 
from an extremity of it connected it to the Q-meter. 
The wire was 73 in. long, 0.01264 in. in diameter. 
Measurements were made in the open, away from 
conductors and dielectrics; the model lay on a polyfoam 
support, 3 ft from the nearest wood and 6 ft from the 
ground. The frequency used was about 50 kc; capaci- 
tance was measured by comparison with a known 
impedance. The capacitance of the wire alone was 
Cw=12.1 pyf, and that of the model plus wire, Cirw. 
Since the capacitance of the model C,, was of about the 
same magnitude as that of the wire, and the charge on 
each influenced the other, the capacitance of the model 
could not be computed simply by subtraction, Cn¥ 
Cmw—Cw, but an approximate correction was used 
which will now be derived. 

Consider a sphere S of radius r, and a wire W of 
length Aw running normal to it, both charged to a 
potential V’. In this condition, the total charge on the 
sphere is Q,’, and the charge on an element dx of the 
wire is gw’ («)dx, where x is measured from the center of 
the sphere. Compare this with the situation where the 
wire has been removed, the sphere is again charged 
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to the potential V,/’=V’ with a charge Q,’’, and the 
potential along the path of the wire is Vy’’ (x) = V'r,/x, 
while qgy’’(x)=0 everywhere on this path. The dis- 
tributions of potential and charge in these two situa- 
tions are connected by Green’s reciprocation theorem, 


> 4;"" V;' a >a; V;”, 


2 7 


(A1) 
so 


Tathyw 
QO.’ V’=(Q,/V'+ vr. alg’ w(x) dx. 
Ts 
Since rath 
Osw' = Qs’ +f gw (x) dx, 
's 
one finds 


Tethw 
0."=On'— | (1—r./x) gw’ (a) dex. (A4) 


ss 


Far from the sphere the charge distribution on the wire 
approaches constancy, gw («)—qw’, and if end effects 
are neglected this constant value is related to the 
capacitance of the isolated wire by 


qu? = Ow? / Roy = V' Cue / Rew. (A5) 


If one substitutes gy° for gw’ (x) in the integral in Eq. 
(A4), the error that is introduced at small values of «x 
will be diminished by the factor (1—r,/x). With this 
approximation, we have 

Os" =QOsw’ — Ow +Ow rsltw! In(1+hw/rs). (A6) 
The capacitance of the sphere is C,=Q,/V' 
of sphere plus wire is Csw=Qsw'/V’, so 


and that 


Ca= Cow— Cw Cot aly In(1+Aw/ts) . (A7) 
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When the model is not a sphere, a further approxi- 
mation is required. The potential which is used in the 
integrand in Eq. (A2) should now contain higher terms 
of a multipole expansion, but these fall off rapidly with 
distance and can be ignored, and the leading term in 
the expansion is taken to be the potential which would 
be created by a sphere with the same capacitance as 
that of the model, C,,. Since C,=47eors= Cm, and the 
wire begins at a distance 7,, from the electrical center of 
the model, we now have instead of (A7) 


C= Cuw— Cyt (En # ‘Arrehy, ) In( 1+h,, Sen Be (A8) 


This was used to compute the capacitance of the 
model C,, from the measured Cmy and Cy in the form 


Cm=[1— (Cy /4reohte) In(1+he/tm) F'(Cmw— Cw). 
(A9) 


For a symmetrical molecule, the electrical center is at 
the center of symmetry, and 7,, was measured from 
there to the point of attachment of the wire. Where 
there was no center of symmetry, the effective center 
of mass was estimated by eye, and 7, measured from 
there. 

Measurements on a sphere, a circle, and an elliptic 
disk, for which the capacitance could be computed 
exactly, gave agreement within +3%. Results for the 
molecular models should be reliable to better than 
+5%. Reduced to molecular dimensions, these results 
are tabulated as the quantity #=e?/2C) in Table III. 
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The reduced vapor pressures of liquids which exhibit nearly classical behavior are considered. It is shown 
that the intermolecular quantum effects upon the parameters of the reduced vapor pressure equations of such 
liquids are small compared to other variations in these parameters. However, these effects can be reasonably 
well estimated by considering the changes in vapor pressure upon isotopic substitution in suitable simple 
systems. Experimental data are analyzed to give quantitative estimates of the quantum effect upon the re- 
duced heat of vaporization, the temperature-independent term in the vapor pressure equation, and the con- 


figurational heat capacity of nearly classical liquids. 


EVERAL years ago, deBoer and Lunbeck! pre- 
sented a quantum mechanical version of the law of 
corresponding states in which changes in the reduced 
thermodynamic variables of light molecules were given 
as a function of the parameter A*=h/o(me)! (€ and o 
are the parameters specifying the depth and distance 
scale of the intermolecular interaction curve). In their 
work, the magnitude of the quantum correction to the 
properties of substances with A* small was not con- 
sidered, except in the case of the reduced molar volumes 
of the liquids. It is of considerable theoretical and 
practical interest to estimate the magnitude of these 
quantum contributions to the properties of nearly 
classical liquids, since the results of many of the classical 
computations of liquid properties have been compared 
with the data on such substances (particularly, argon) .?4 
Furthermore, the results of measurements of the proper- 
ties of the heavier rare gases (argon, krypton, xenon) 
are frequently used to illustrate the classical theorem of 
corresponding states.*® 
One of the most important physical properties of a 
liquid is its vapor pressure as a function of tempera- 
ture. In order to obtain more detailed information 
about the variations in this property, the reduced 
vapor pressure is written as 


Inp*=—AH*/T*+ A* 
p* = po*/e, A*=A-+ Ino*/e 
AH*=AH/e, T*=kT/e, (1) 


where A is the temperature-independent term in the 
unreduced vapor pressure equation. As is well known, 
Eq. (1) actually holds over fairly short temperature 
ranges, but the values for these reduced constants 
should be comparable for simple classical fluids if the 
data used have been measured over the same range of 
reduced temperature. Here AH* and A* at T*=0.7 

* This work was supported by API Project 42. 

1 J. deBoer, in Molecular Theory of Gases and Liquids, edited 
by J. O. Hirshfelder, C. F. Curtiss, and R. B. Bird (John Wiley 
& Sons, Inc., New York, 1954), Chap. 6. 

2 See Chap. 4 of work cited in footnote 1. 

3T. L. Hill, Statistical Mechanics (McGraw-Hill Book Com- 
pany, Inc., New York, 1956), Chaps. 6 and 8. 

4J. S. Rowlinson, Liguids and Liquid Mixtures (Academic 
Press, Inc., New York, 1959), Chap. 8. 


5]. M. H. Levelt, Physica 26, 361 (1960). 


were calculated for a number of substances with A*= 
0.1-0.6; AH and A were obtained from the vapor 
pressure equations given in the handbooks,® and e 
and o were taken from the values given in the work cited 
in footnote 1, p. 1110. (In the case of methane, the 
configurational AH was estimated by subtracting the 
change in zero-point vibrational energy upon vaporiza- 
tion’ from the experimental AH. This correction term is 
negligible for all other substances considered). When 
these values of AH* and A* were plotted as a function 
of A*, it was observed that the dependence of AH* 
and A* upon A* at small A* is small compared to the 
other variations in these quantities. A portion of the 
variation may be due to errors in the values of ¢ and 
o used. However, alterations in the form of the inter- 
molecular potential energy curves will also result in 
changes in AH* and A*. 

An alternate method of estimating the quantum 
effects on the reduced thermodynamic properties of 
nearly classical liquids can be obtained by making use 
of the data on isotopically substituted substances. 
In these systems, it is often possible to assume that the 
intermolecular potential energy is unchanged upon 
isotopic substitution. If this is indeed the case, then the 
differences between the properties of such fluids are 
primarily due to the changes in quantum mechanical 
parameter, and have only a second order dependence 
upon uncertainties in € and ¢ or upon alterations in the 
potential energy curve. If the properties of the heavy 
and light molecules are denoted by the subscripts H 
and L, respectively, then the vapor pressure differ- 
ence between two isotopic liquids can be written, 
Inpu/pr=— (AH*y—AH*,) /T*+ An— Az 

=—A’H*/T*+AA. (2) 
Table I shows the values of A?H* and AA obtained by 
fitting published results for a number of substances 
to Eq. (2) at the listed values of 7*. The quotients 
AH*/AA* and AA/AA* are given in columns 6 and 7 
6 The substances considered, with the sources of the data, are: 
A, Kr, CHs, CO; Handbook of Chemistry and Physics (Chemical 
Rubber Publishing Company, Cleveland, Ohio, 1959-60), 41st 
ed.; Oo, No; Lange’s Handbook of Chemistry (Handbook Pub- 
lishers, Sandusky, Ohio, 1956), 9th ed.; Ne, replotted from the 
data of F. Henning and J. Otto, Physik Z. 37, 633 (1936). 

7D. H. Rank, E. R. Shull, and D. W. E. Axford, J. Chem. Phys. 
18, 116 (1950). 
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TABLE I. 





Substances a z 


A?H* 


AA A?H*/AA* 


AA/AA* AA* 





0#0}8/O,'° 0.76 
0.60 


0.80 
0.80 


0.80 
0.68 
0.68 
0.80 
0.82 
0.80 
0.77 


0.0123 
0.0131 


0.0172 
0.0148 


0.0128 


0.0109 
0.0122 


0.0191 
0.0175 


0.0097 
0.0557 
Av» 


C801 /C2OH 


C2XO'8/C2OIE 
C3H,/C"H, 


N y!5 /No'4 


NN¥/N,!4 d 
Ne”/Ne® f,g 


‘ 





0.0107 
0.0117 


0.0142 
0.0105 


0.0106 


0.0085 
0.0153 


0.0159 
0.0134 


0.0079 
0.0355 


78 0.0060 
.95 
84 0.0037 
84 
on 0.0070 


18 0.0072 
12 


.06 0.0077 
74 


.08 0.0038 
.28 0.0278 
1.84.3 


oe na = oS 
w So on 


oe 
“100 


tO NM NN Ke EP HD 
uw wn 
a i) 


aD 
,) 


.00 
2.14.3 





* T. F. Johns, in Proceedings of the First International Conference on Isotope Separation, Amsterdam, 1957, edited by J. Kistemacher, J. Bigeleisen, and A. oc. 


Nier (North-Holland Publishing Company, Amsterdam, 1958), p. 74. 
b W. Groth, H. Ihle, and A. Murrenhoff, Z. Angew. Chem. 68, 644 (1956). 
© W. Groth, H. Ihle, and A. Murrenhoff, Z. Naturforsch. 9a, 805 (1954). 
4 K. Clusius and K. Schleich, Helv. Chim. Acta 41, 1342 (1958). 
® I. Kirshenbaum and H. C. Urey, J. Chem. Phys. 10, 706 (1942). 
{ F. G. Roth and J. Bigeleisen, J. Chem. Phys. 32, 612 (1960), 
© W. H. Keesom and J. Haantjes, Physica 2, 986 (1935). 
4 Signifies that CO data have been omitted from average. 


of Table I. It is seen that these quantities are reasonably 
constant over the range A*=0.2-0.6 with the exception 
of the values of C“O"* (data for the deuterated methanes® 
and for the nitric oxides’ have not been included in 
Table I because of the large deviations from the average 
values of columns 6 and 7 in these systems.) 

Much of the scatter in the values of A*H*/AA* 
and AA/AA* can be ascribed to the fairly large degree 
of uncertainty in the experimental results. However, 
there are several other possible reasons for the varia- 
tions in these quantities. In the first place, it is not 
appropriate to calculate the quantum effects in this 
manner in systems in which the magnitude or distance 
scale of the intermolecular potential energy curve alters 
appreciably upon isotopic substitution. Other work has 
shown that this effect is noticeable in systems contain- 
ing deuterated molecules.” The data on the deutero- 
methanes also show that the changes in physical proper- 
ties of these fluids are considerably larger than the 
changes exhibited by systems in which the alteration 
in vibrational zero point energy upon isotopic substi- 
tution is less marked. 

The observed changes in vapor pressure also depend 
upon the form of the intermolecular potential function, 
and, strictly speaking, the values of A°?H*/AA* and 
AA/AA* obtained from data on two different sub- 
stances are comparable only if the potential energy 
curves of the molecules are conformal. Since most of 
the molecules considered here are spherical or nearly so, 
the potential curves for the various systems should be 

8G. T. Armstrong, F. G. Brickwedde, and R. B. Scott, J. 
Research Natl. Bur. Standards 55, 39 (1955). 

9K. Clusius and K. Schleich, Helv. Chim. Acta 41, 1342 (1958); 
K. Clusius, M. Vecchi, A. Fischer, and U. Piesbergen, Helv. 
Chim. Acta 42, 1975 (1959). 

0 W. A. Steele, J. Chem. Phys. 33,1619 (1960). 





nearly conformal with one another. However, it is 
interesting to note that the results for the polar liquids 
CO and NO do not agree very well with those for the 
nonpolar molecules (the dipole moments of CO and 
NO are 0.10 and 0.16 debyes, respectively)." Re- 
cently, J. Bigeleisen [J. Chem. Phys. 33, 1775 (1960) ] 
has pointed out that the anomalous properties of the 
NO system can be explained in terms of the mass effect 
on the equilibrium constant for the dimerization of the 
NO molecules in the liquid. 

Graphs of Inpy/ pz vs 1/T for the substances in Table 
I show a considerably larger curvature than is ordinarily 
observed in such plots. This indicates that A?H* and 
AA have a comparatively large temperature depend- 
ence, and thus it follows that the dependence of the 
configurational heat capacity of the liquid upon A* is 
also relatively large. Few direct measurements have 
been made of the heat capacities of isotopically sub- 
stituted, nearly classical liquids. However, the magni- 
tude of the dependence of the configurational heat 
capacity upon A* may be roughly estimated from a plot 
of (Cp) 1iqg— (Cp) eas (at T*=0.70) vs A® for the sub- 
stances mentioned in Table I. The slope of a straight line 
through these points is in only moderate agreement with 
the values of AC,/AA* calculated from the measure- 
ment of Clusius, ef al.2 on N2% and Ne”. When the 
results of both methods of calculation are taken into 
account, the value of AC, (configurational) /AA* 
at T*=0.70 is estimated to be —11+4 cal/mole deg 
for A*<0.6. 


lH. E. Watson, G. G. Rao, and K. L. Ramaswamy, Proc. 
Roy. Soc. (London) A143, 558 (1934). 

2K. Clusius, P. Flubacher, U. Piesbergen, K. Schleich, and 
A. Sperandio, Z. Naturforsch. 15a, 1 (1960); K. Clusius, A. 
Sperandio, and U. Piesbergen, ibid. 14a, 793 (1959). 
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Self-Diffusion in Linear Dimethylsiloxanes 
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The pressure and temperature dependences of the self-diffusion coefficients of the linear dimethylsiloxanes, 
containing from two to nine silicon atoms have been determined by the NMR spin-echo technique. Acti- 
vation energies and volumes are presented as derived quantities; the constant-volume activation energy is 
estimated from these data. Extensive comparisons between the diffusion properties of the dimethylsiloxanes 
and equivalent hydrocarbons are made. From these comparisons, it is concluded that diffusion in siloxanes 
is controlled to a much larger extent by chain configurational effects. This concept is formalized by ex- 


pressing the chain-size effects in an entropy of activation model. 


INTRODUCTION 


LARGE number of the unusual physical prop- 

erties associated with the dimethylsiloxanes 
(—OSiMes—), are attributed to combinations of low 
intermolecular forces and to quite large chain flexibility.’ 
These features are particularly evident in various studies 
of viscosity and mobility of siloxane systems. Rochow! 
discussed at length the gross dissimilarity between the 
viscoelastic behaviors of siloxanes and hydrocarbons 
of comparable chain length or even molecular weight. 
More recent NMR linewidth and spin-echo measure- 
ments on polydimethylsiloxane gums have demon- 
strated the uncommonly low microscopic viscosities of 
these materials.?~*. A quantitative physical description 
of the diffusion process in siloxanes will require a 
separation of the effects of high chain flexibility and 
low intermolecular attraction. This paper presents 
some temperature and pressure dependences on the 
self-diffusion coefficients in a series of linear dimethy]- 
siloxanes containing from two to nine silicon atoms. 
These data, while not leading to a complete understand- 
ing of the diffusion process, do provide a foundation 
for describing the behavior of the previously studied 
high polymers. 

EXPERIMENTAL 


The technique used to measure the self-diffusion 
coefficients is the nuclear magnetic resonance spin-echo 
method. The experimental details have been described 
previously** and will not be gone into here. Measure- 


1E. G. Rochow, Chemistry of the Silicones (John Wiley & 
Sons, Inc., New York, 1951). 

2 E. G. Rochow and H. G. LeClair, J. Inorg. & Nuclear Chem 
1, 92 (1955). 

3C. M. Huggins, L. E. St. Pierre, and A. M. Bueche, J. Phys 
Chem. (to be published). 

4H. Kusumoto, I. J. Lawrenson, and H. S. 
Chem. Phys. 32, 724 (1960). 

5 J. G. Powles and A. Hartland, Nature 186, 26 (1960). 

6H. Y. Carr and E. M. Purcell, Phys. Rev. 94, 63 (1954). 

7D. C. Douglass and D. W. McCall, J. Phys. Chem. 62, 1102 
(1958). 

8D. W. McCall, D. C. Douglass, an 
Fluids 2, 87 (1959). 


Gutowsky, J. 


1 E. W. Anderson, Phys. 


ments were made over a range of temperatures, — 50°C 
to about 100°C, and pressures, 1-700 atm. 

The materials used were stock samples previously 
prepared and purified by the method of Patnode and 
Wilcock.? Any possible change in sample purity was 
checked by refractive index measurement. All samples 
of 2-8 Si atoms measured within +0.0005 of the values 
reported by Rochow.' The sample of Me,;Si— 
[OSi(Me)2];—OSiMe; was found by vapor-phase 
chromatography to be of greater than 95% purity 
(np* = 1.3984). Other samples, purporting to be pure 
compounds containing 10 or more Si atoms, were not 
studied since VPC analysis showed the purity to be 
less than 75% of the nominal constituent. 


RESULTS 


Figure 1 shows the dependence of the self-diffusion 
coefficient on chain length. The chain length is given 
in terms of the parameter NV, the number of silicon 
atoms per molecule. Data for tetramethyl silane (NV = 1) 
are from a separate study." It is seen that the decrease 
in D is quite marked at small NV. On the other hand, D 
is not sensitive to N at higher molecular weights. 
Figure 2 compares the dimethylsiloxane data with 
similar data for the normal paraffins.’ For purposes of 
comparison the abscissa m is taken to be the total 
number of atoms per molecule, excluding hydrogen. 
Note that the leveling off is much more apparent in 
the siloxane series. 

The temperature-dependence data are displayed as 
Arrhenius plots in Fig. 3. A more detailed curve for 
the V=9 case is shown in Fig. 4. Activation energies E, 
defined by — R[@lnD/d(1/T) ],, are shown in Fig. 5 
together with the corresponding viscosity activation 
energies. The activation energies for self-diffusion 
are uniformly about 1 kcal/mole greater than the 

®W. Patnode and D. F. Wilcock, J. Am. Chem. Soc. 68, 358 
(1946). 

10D. C. Douglass, D. W. McCall, and E. W. Anderson, J. Chem. 


Phys. (to be published). 
1), E. Wilcock, J. Am. Chem. Soc. 68, 691 (1946). 
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Fic. 1. Plot of D, the coefficient of self-diffusion (cm?/sec), 
vs N, the number of silicon atoms per molecule, for the linear 
dimethylsiloxane series at 25°C. 
activation energies for viscosity. This is in fair agree- 
ment with the Stokes-Einstein relation which predicts 
a difference of about 0.6 kcal/mole at room tempera- 
ture.’ 
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Fic. 2. Comparison of D, the coefficient of self-diffusion 
(cm?/sec), vs molecular size dependence (see text) for normal 
paraffins and linear dimethylsiloxanes at 25°C. (The two “ex- 
trapolated” points are for materials which are solids at 25°C.) 
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Fic. 3. Semilogarithmic plots of D, the coefficient of self-dif- 
fusion (cm?/sec), vs reciprocal temperature (°K~!) for the linear 
dimethylsiloxane series; NV is the number of silicon atoms per 
molecule. 


The dependence of D on pressure is shown in Fig. 6. 
Activation volumes AV? defined by — RT (dlnD/dp)7, 
are exhibited in Fig. 7 along with the corresponding 
viscosity activation volumes calculated from Bridg- 
man’s data.” As Bridgman’s points were taken in 
2000-atm increments, it was necessary to extrapolate 
the activation volumes to lower pressures for compari- 
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Fic. 4. Semilogarithmic plot of D, the coefficient of self-dif- 
fusion (cm?/sec), vs reciprocal temperature (°K™') for 


(CHs)3SiLOSi (CHs)2J,0Si (CHs)s. 


2 P, W. Bridgman, Proc. Am. Acad. Arts Sci. 77, 115 (1949). 
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Fic. 5. Chain-length dependence for the activation energies 
kcal/mole) for self-diffusion and viscosity for the linear di- 
methylsiloxane series; N is the number of silicon atoms per 
molecule. 


son. The activation volumes as derived from viscosity 
and diffusion data are in good agreement. 

It is worth mentioning, in passing, that the activation 
volumes for viscosity exhibit interesting pressure 
dependences, first decreasing, then increasing with 
increasing pressure. For example, for the N=6 com- 
pound (MD,M), AV,’=68 cm*/mole at 9000 atm, 
but only 21 cm*/mole at 3000 atm. The pressure range 
covered by the present study is insufficient to reveal 
the presence behavior in the self-diffusion 
experiment. 

The experimental data are summarized in Table I 
giving D, E,, and AV, 

DISCUSSION 


Perhaps the most interesting experimental findings 
are the small activation volumes in the range of 30 
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Fic. 6. Semilogarithmic plots of D, the coefficient of self- 
diffusion , vs p, the pressure (atm), for the linear di- 
methylsiloxane series; N is the number of silicon atoms per 
molecule. 
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Fic. 7. Chain-length dependence for the activation volumes 
(cm*/mole) for self-diffusion and viscosity for the linear di- 
methylsiloxane series; N is the number of silicon atoms per 
molecule. 


cm*/mole. This experimental value cannot correspond 
to the molar volume of any segment which could be 
considered a “unit of flow” with the exception of a 
methyl group having a volume of about 25 cm*/mole. 
These data should be compared to the typical value of 
about 20 cm*/mole for the normal hydrocarbons*® 
which is not as unreasonable in view of the considerably 
smaller cross-sectional area of the methylene unit. 

Another commonly used measure of “unit of flow” 
is the Stokes-Einstein radius, a= kT /6rDn. These are 
listed in Table II. These numbers increase uniformly 
with chain size, but are considered to be quite small in 
regard to the cross-sectional area of a dimethylsiloxane 
unit. For example, assuming the molecules to be close- 
packed spheres, an effective radius of 4 A is calculated 
for N=2 to compare with the Stokes-Einstein radius 
Of 2.0 A. For comparison, the much smaller paraffin 
chain has a Stokes-Einstein radius of 1.9-2.0 A.” Note 
that the dimethylsiloxane Stokes-Einstein radii, unlike 
the activation volumes, continue to increase with chain 
length, albeit not at a rate commensurate with the 
increase in molecular weight. 


TABLE I. 





AVt 
(cm’/mole) 


DX 108 p 
(cm?/sec) (25°C (kcal/mole) 


1.16 22 
2.% 25 
3.29 
3.46 
3.64 





3.8, 
4.0; 
4.05 











SELF-DIFFUSION IN LINEAR DIMETHYLSILOXANES 


It is of interest to estimate the energies of activa- 
tion at constant volume E, by means of the relation 


E,= — R{@nD/A(1/T) j»o= E,— pAV?, 
where 

pi=T(dp/0T) »= —T(9V/8T) ,/(OV/dp)r. 
Unfortunately, only sparse PVT data are available; 
Bridgman” gives (0V/dp)r for N=2-8, with quite 
limited accuracy due to his 500-atm measuring inter- 
vals, and (0V/d7T), data were obtained from commer- 
cial literature.’ Another estimate can be obtained by 
using the ratio of energy of vaporization to molar vol- 
ume.'* Table III lists both values of the resulting 
constant-volume activation energies. 

Considerable significance has been attached to the 
ratios, AV*/V and E,/Evyap, as well as the comparison 
between them in viscosity and diffusion processes.” 
For example, McCall, Douglass, and Anderson,’ in 
their study of the alkanes, found AV*/V to range about 
0.10-0.14, and E,/Eyap to be 0.11-0.17, with a marked 
degree of correlation between the two sets of data. To 
the contrary, AV*/V for the dimethylsiloxanes exhibits 
a uniform, sharp decline with increasing chain size, 
while E,/Eyap shows a more gradual decline. Other 
than the fact that both decrease, no correlations such 
as those found with the alkanes is apparent. This dis- 
similarity in behavior can be attributed to grossly 
different processes controlling diffusion in the linear 
dimethylsiloxanes. 

In the dimethylsiloxane series the ratio Evap/V 
decreases markedly with increasing chain length. This 
would indicate that a large part of the total intermolec- 
ular force is being expended intrachain; that is, that 
the molecule has a tendency to coil or fold back on 
itself. By comparison, this ratio is about 2400 atm for 
n-hexane and increases mildly with increasing chain 
length in the paraffin series. However, the ratio E,/AV* 
is a constant at about 5000 atm for N=2 to N=9 in 
dimethylsiloxanes and varies from 5000 to 7000 atm for 
n-hexane to n-decane. Since Eyap/V is a measure of 
the “net” strength of the intermolecular forces and 
this quantity decreases while E, increases, E,/V 
remaining constant, it must be concluded that E, for 
the higher members of the series becomes more strongly 
dependent upon configurational effects. 

The Eyring model for transport processes leads to 
the following general expression for the self-diffusion 
coefficient, where \ is the elementary jump length and 


D=(NkT/h) exp(AS*/R) exp(—AH*/RT), 


AS* and AH? are the entropy and enthalpy of activa- 
tion. It is convenient to consider that AH? includes the 


18 Dow-Corning Silicone Notebook, ref #2003, June, 1952. 

4 J. H. Hildebrand and R. L. Scott, The Solubility of Non- 
electrolytes (Reinhold Publishing Corporation, New York, 1955). 

6S. Glasstone, K. J. Laidler, and H. Eyring, The Theory of 
Rate Processes (McGraw-Hill Book Company, Inc., New York, 
1941), p. 524. 
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energy terms associated with intermolecular forces and 
AS includes the configurational terms, both inter- 
molecular and intramolecular. To be explicit, suppose 
that a long chain molecule can exist in a variety of 
extended and coiled configurations. It seems reasonable 
that molecular translation can occur more easily when 
the molecules are in the extended configurations, and 
further, it seems likely that such configurations, being 
lowest in energy, become less probable as the tempera- 
ture is increased. The term exp(AS*/R) can be inter- 
preted, roughly, as the probability that a molecule is in a 
configuration favorable for diffusion. 

Two features of this discussion are important, first, 
the entropy of activation is expected to be temperature 
dependent and will thus contribute to the observed 
activation energy E,. In this way purely configura- 
tional terms can influence activation energies. Second, 
such effects can be expected to be most easily observed 
in polymers which have relatively flexible chains. That 
is, configurational terms will be most important when 
the energy required to bend or kink the molecular chain 
is small compared with kT. 

The dimethylsiloxane series, having both low inter- 
molecular forces and highly flexible chains, should be 
sensitive to configurational effects. This statement is 
intuitive but is based on the foregoing and following 
sequence of thoughts. Many liquids are relatively well 
ordered, at least on a short-range basis. For example, 
in the paraffin series there is evidence that the molecules 
tend to be extended and parallel.’"® The siloxanes are 
probably much less ordered and a wide distribution of 
molecular configurations is expected, at least in the 
longer members. Direct evidence for the marked flexi- 
bility of the dimethylsiloxane chain has been presented 
by Flory.” We are suggesting that the ease with which 
a molecule diffuses depends upon its particular configu- 
ration. The reason such effects are not so important in 
the paraffin series is that one configuration predomin- 
ates. 

The discussion given here is speculative and differs 
from Wilcock’s" discussion of the viscosity results for 

16 A. Bondi, J. Chem. Phys. 14, 591 (1946). 


7 P, J. Flory, L. Mandelkern, J. B. Kinsinger, and W. B. 
Shultz, J. Am. Chem. Soc. 74, 3364 (1952). 
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Tasie II. 





AVt V Evap/V* E,> E,° 
cm*/mole cm’/mole atm kcal/mole kcal/mole gs Ey Evi 


210 1600 2.0 a. 0.119 0.20 
288 1350 2: & 0.090 ae 
1290 ‘ 0 0.078 18 
1190 0.071 
1160 ye 3 .066 
1140 3. ‘ 05 
1070 ‘ F .044 


® See work cited in footnote 11. 
b Computed from AHyap/V (see text) 
© Computed from PVT data (see text). 


the same compounds. However, the two approaches are ACKNOWLEDGMENTS 
not mutually exclusive but rather differ in choice of 
emphasis; Wilcock is most concerned with the “unit of 
flow,’ while we have employed the entropy of activa- 
tion. 
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A study of the formation of cubic boron nitride shows that the alkali and alkaline earth metals and their 
nitrides are effective catalysts for converting hexagonal boron nitride into cubic. The pressure and tempera- 
ture required varies with the catalyst, and a minimum of about 45 000 atm and 1500°C has been found 


to be optimum up to the present time. 


INCE the announcement in 1957 of the discovery 

of the cubic form of boron nitride,! BN (borazon) 
its formation has been studied further. This paper 
summarizes many of the additional facts now known 
about this synthesis. 

The high-pressure, high-temperature apparatus used 
in this work was a double-ended conical piston device 
designed by H. T. Hall? and subsequently modified by 
H. P. Bovenkerk so as to improve its capacity and 
durability. A cross section of it is shown in Fig. 1. The 





Fic. 1. “Belt” ultra high pressure, high-temperature assembly. 





pressure generated inside it is calibrated by reference 
to electrical resistance transitions in bismuth, barium, 
etc., and the temperature is approximately known from 
the power used to heat the capsule. Routine work can 
be carried out at pressures and temperatures of 100 000 
atm and 2500°C. 

It was found that the analogy between boron nitride 
and carbon was quite striking. Therefore, early work 
was aimed at a synthesis of cubic boron nitride along 
lines similar to those found successful for diamond 
synthesis, i.e., exposure of boron-nitrogen-catalyst 
mixtures to a high temperature and pressure in a 
reaction vessel such as shown in Fig. 2, followed by a 
reduction in temperature to “freeze” any high-pressure 
modifications which might have formed, and finally, 
reduction of pressure to 1 atm. In this way pure 


‘R. H. Wentorf, Jr., J. Chem. Phys. 26, 956 (1957). 
2H. T. Hall, Rev. Sci. Instr. 31, 125 (1960). 


boron nitride powder, borazole (B;N3Hg), and various 
mixtures of boron and nitrogen compounds were 
studied, as well as mixtures of boron nitride powder 
with the diamond-forming catalysts (iron, nickel, 
manganese). All such experiments produced only the 
hexagonal form of boron nitride, even at pressures as 
high as 100 000 atm and temperatures about 2000°C. 
(At this temperature the hexagonal boron nitride 
powder showed an increase in crystal size, from about 
5 my to about 20 mz.) 

However, when bits of magnesium metal were buried 
in the hexagonal boron nitride, a chemical reaction 
occurred in their vicinity, and a few small hard lumps, 
less than 1 mm in diameter, were isolated from the 
mixture. These lumps were insoluble in the usual acids, 
easily scratched a boron carbide test plate, and gave a 
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Fic. 2. Typical reaction vessel. 


Debye-Scherrer pattern similar to that of diamond 
but with a few extra lines and a somewhat larger unit 
cell (3.615 A vs 3.56 A for diamond). See Fig. 3. When 
heated to about 2500°C at 40000 atm, such a lump 
turned into a soft white powder identified as hexagonal 
BN from its Debye-Scherrer pattern. Thus the evidence 
was very strong that the hard substance was a cubic 
form of boron nitride. It was found difficult to deter- 
mine nitrogen in the cubic boron nitride, because the 
ordinary Kjeldahl reagents did not attack the com- 
pound. It was necessary to dissolve it in molten NaOH 
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3. Debye-Scherrer patterns for cubic BN vs diamond. 


and titrate the ammonia formed, while assuming that 
all the N in the BN appeared as ammonia. 

Any possibility that the compound was a particular 
one containing magnesium was dispelled when a num- 
ber of other catalysts were found to transform the 
hexagonal boron nitride into the cubic form at various 
high pressures (50 000 to 90 000 atm) and temperatures 
(1500-2000°C). The particular pressure and tempera- 
ture necessary depended upon the catalyst used; some 
were effective only at higher pressures and tempera- 
tures. These catalysts turned out to be the alkali metals. 
the alkaline-earth metals, and antimony, tin, and lead. 
The bulk of the chemical elements are not effective as 
catalysts. In general, the higher the atomic weight of 
a catalyst, the more pressure is required to effect the 
transformation. Thus, about 70000 atm seem to be 
necessary for potassium or barium to be active as 
catalysts. At slightly lower pressures these metals react 
with hexagonal BN and diffuse into it, but no cubic 


BN forms. The effectiveness of any of these catalysts 


is greatly reduced by the presence of a few percent of 
water, boric oxide, etc., in the reaction mixture. 

it was noticed that the cubic boron nitride formed 
with these metallic catalysts tended to be black in 
color, but a few tiny clear white crystals were occa- 
sionally 


following type ol 


seen. This fact suggested that perhaps the 


reaction occurred in the mixture 


Li+3BN—Li;N+ 3B. 


_q 1 
Part of the 


boron in the cubic BN and color it black. This prompted 
the use of magnesium, calcium, or lithium nitrides as 


boron could be incorporated as excess 


catalysts, and these turned out to be the most effective 
of all. High yields of cubic BN could be obtained with 
them at pressures as low as 45000 atm. 

It was possible to form cubic boron nitride from 
mixtures of boron, and lithium or magnesium nitride 
at high pressure and temperature, but at some sacrifice 
in yield and crystal quality. 

It was noticed that as one increased the operating 
temperature of the synthesis, the pressure required for 
forming the cubic phase also increased. Thus, the 
equilibrium line between the hexagonal and cubic 
forms rises in pressure with temperature. At a given 
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pressure less than 100 000 atm, cubic boron nitride is 
stable at a higher temperature than is diamond. 

The crystal size of the cubic boron nitride which is 
formed depends primarily on the pressure and tempera- 
ture at which the reaction is carried out. The closer 
these lie to the cubic-hexagonal equilibrium line, the 
larger the resulting crystals. However, at higher 
temperatures the absolute reaction rate is higher, so that 
small variations in pressure or temperature produce 
large variations in crystal quality. Thus the best 
crystals (up to 0.5 mm average size) are grown at 
moderate pressures and temperatures (50000 atm, 
1700°C) in a few minutes. If the operating pressure is 
increased to 70 000 atm the crystal size drops to about 
.02 mm, i.e., the nucleation rate is much higher than at 
50 000 atm. 

The lithium nitride-boron nitride system has received 
the most study so far. It appears that at the operating 
conditions there is formed a loose complex of the 
approximate composition Li;N-3BN. This complex 
then acts as a molten solvent which dissolves hexagonal 
BN and precipitates cubic BN by virtue of a displace- 
ment from thermodynamic equilibrium in favor of 
cubic BN at the operating pressure and temperature. 
The BN which is tied up in this complex is not entirely 
available for the formation of cubic BN. The complex 
is a white solid at room temperature and dissolves 
completely in dilute HCl—no hexagonal BN separates 
from it. It does not give a recognizable Debye-Scherrer 
pattern and contains neither hexagonal nor cubic BN. 
Debye-Scherrer d-values for this material are listed in 
Table I. In a mixture of this complex and hexagonal 
BN at operating pressure and temperature, one finds 
that the nucleation and growth rates of cubic BN are 
highest where the local complex concentration is high. 
However, the complex tends to diffuse, so that its 
concentration becomes fairly uniform after about ten 
minutes of heating, and the nucleation and growth 
rates of cubic BN then decrease markedly. This can be 


Taste I, Debye-Scherrer d-values for LisN—BN _ high-pressure 
complex. (s: strong; m: medium; w: weak). 
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SYNTHESIS OF THE CUBIC 
slightly offset by a slight increase in pressure, but too 
great a pressure increase sharply increases spontaneous 
nucleation. 

Some photomicrographs of various crystals of cubic 
boron nitride are shown in Figs. 4-8. Tetrahedra and 
octahedra are the most common. The surfaces generally 
show growth marks in the form of layers or steps of 
various outlines. Trigons, similar to those found on 
diamond, can occasionally be seen. As the growth rate 
is increased the growth steps move closer together, so 
that with rapid growth the step height is about the 
same as the step width (about 10 my), and twinning 
becomes more likely. (Compare Figs. 7 and 8.) 

The normal color of the cubic boron nitride crystals 
made at 50 000 atm and 1700°C with nitride catalysts 


Fic. 5. Cubic BN, octahedral crystals. 


Fic. 6. Freshly grown face of cubic BN crystal. 


OF BORON NITRIDE 


Fic. 7. 
trigons. 


Slowly grown octahedral face of cubic BN crystal. Note 


Fic. 8. Rapidly grown, twinned face of cubic BN crystal. 


Fic. 9. Hexagonal BN flakes. 


is yellow. The addition of a few percent of boron changes 
the color to dark brown or black. By operating at 
65 000 atm and 1900°C, small, white crystals of cubic 
boron nitride can be obtained. 

No crystals having: a wurtzite structure have yet 
been found, though this structure is almost the equiva- 
lent of the zinc-blende cubic structure possessed by 
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the boron nitride. (BP has the zincblende structure’ ‘, 
but AIN and AIP have the wurtzite structure.) 

If a mixture of lithium nitride and boron nitride is 
exposed to a high temperature and pressure appropriate 
for the stability of hexagonal boron nitride, white, 
translucent flakes of this phase form. Some of these are 
1 mm or more in diam and seem to be about 0.05 mm 
thick. Figure 9 is a photomicrograph of some of these. 

3 P, Popper and T. Ingles, Nature 179, 1075 (1957). 

‘J. Perri, S. La Placa, and B. Post, Acta Cryst. 11, 310 (1958). 
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Such crystals are weak and flexible and resemble graph- 
ite in their mechanical behavior. 
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The presence of adsorbed oxygen gas increases the magnitude 
of the surface semiconduction currents in crystalline powder 
B-carotene by a factor of about 10°. The activation energy for 
the surface semiconduction process is 1.52 ev in argon gas and 
is decreased to 1.29 ev in oxygen. The room temperature photo- 
current is increased by a factor of about 25 in oxygen over the 
value in argon. The activation energy of the photoconduction 
process is not affected by oxygen. The increase in dark current 
in an oxygen ambient requires a time of about 2 hr to come to 
the equilibrium value at room temperature. Radiation is not re- 
quired to cause the increase. The effect of the oxygen can be 
reversed completely by heating the 8-carotene to 120°C in an 
inert atmosphere (dry nitrogen or argon). The increase in dark 
current is linearly proportional to the partial pressure of oxygen 
in the chamber. The rate of desorption of the oxygen increases 
with the temperature. The resulting data yield an activation 


I. INTRODUCTION 


HAT ambient oxygen gas prqduces a pronounced 

increase in the surface photoconduction and semi- 
conduction currents of organic crystals has been known 
since the work of Vartanyan on phthalocyanines! and 
anthracene.” Since that time, a number of workers have 
investigated this effect and elucidated some of the de- 
tails of the processes. It is now known that a number of 
other gases’ can affect these currents in a reversible 
process, either decreasing or increasing them depending 
on whether the gases are electron donors or acceptors. 
Reversibility in these cases consists of being able to 
return to the previous vacuum values by gentle proc- 
esses of continuous pumping on the samples with or 
without concomitant irradiation, or slight heating. 


1A, T. Vartanyan, Zhur. Fiz. Khim. 22, 769 (1948). 

2A. T. Vartanyan, Doklady Akad. Nauk. S.S.S.R. 71, 641 
(1950). 

3 W. G. Schneider and T 


. C. Waddington, J. Chem. Phys. 25, 
358 (1956). 


energy of desorption of 0.17 ev. It is suggested that this is the 
binding energy for the formation of an oxygen-carotene complex, 
and that the decrease in semiconduction activation energy is 
correlated to this binding energy. An analysis is given which 
leads to the conclusion that the mechanism of the current increase 
with formation of the oxygen complex is twofold; a decrease in 
the activation energy for semiconduction, and an increase in the 
mobility of the charge carriers. There is no evidence for a change 
in the charge creation process. The experimental results are con- 
sidered to be a partial verification of Platt’s theory on the donor- 
carotene-acceptor complex in photosynthesis since the triplet 
level of chlorophyll 6 has a value of 1.43 ev, midway between the 
value of 1.52 ev for the free carotene semiconduction activation 
energy and 1.29 ev for the corresponding value of the oxygen- 
carotene complex. It is also suggested that a possible mechanism 
for the carotene protection of cells from destructive photo 
oxidation may be the formation of the oxygen-carotene complex. 


This implies that the gases are bound to the surface 
molecules by weak coupling forces rather than by any 
high-energy chemical change in the organic molecules. 
Chynoweth! has suggested a two-stage process in the 
case of oxygen and anthracene: the first stage is an 
intermediate form of photo-oxide and the second stage 
is a more stable peroxide. Bree and Lyons? prefer to 
consider the formation of a biradical intermediate 
state which is easily dissociable. At the present time 
however there does not seem to be any convincing evi- 
dence in favor of any particular assumption as to the 
type of interaction of the gas with the substrate. 

A similar situation obtains in considering the mech- 
anism for the current increase, since this is of course 
contingent upon the type of interaction assumed. 
Chynoweth has proposed that the increase in photo- 
current in anthracene with oxygen (a factor of 2 to 5) 


4A. G. Chynoweth, J. Chem. Phys. 22, 1029 (1954). 
5 A. Bree and L. E. Lyons, J. Chem. Phys. 25, 384 (1956). 
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can be explained by assuming that the photo-oxidation 
reduces the rate of recombination of the surface charge 
carriers and increases their lifetime. Bree and Lyons 
would have the biradical intermediate dissociate into 
ions with a consequent liberation of positive mobile 
charge. Schneider and Waddington’ have involved the 
surface energy levels and traps to modify the surface 
mobility of the charges as has been proposed for band 
type semiconductors like germanium. 

Rosenberg® has shown that §-carotene exhibits both 
semiconduction and photoconduction. In a sandwich 
cell made by cooling a melt of 6-carotene between two 
conductive glass electrodes, the semiconduction activa- 
tion energy was 3.0 ev (assuming j =jo exp| — E/2KT]). 
This is for the case where a glass formed on cooling due 
to geometrical isomerization in the melt. More recently 
it was found’ that crystalline powders pressed between 
two electrodes exhibit the smaller activation energy of 
1.5 ev which was attributed to surface conduction 
effects. In the material presented below, the experi- 
mental work was performed using such powdered crys- 
talline cells in a sandwich configuration, to determine 
some characteristics of the effect of oxygen on the 
photoconduction and semiconduction surface currents. 
The experimental method and apparatus have been 
described in a previous paper.® The crystalline all trans 
B-carotene was obtained from Eastman-Kodak. This 
was then recrystallized four times from cold toluene 
solution by ethanol addition. The purity was deter- 
mined by a paper chromatography technique (the 
criteria being a single band with no perceptible auxili- 
ary bands) and by the less sensitive method of looking 
for a cis peak in the optical absorption spectra. The 
crystals were stored in evacuated tubes at 0°C until 
used. 


Il. EFFECT OF OXYGEN AT CONSTANT TEMPERATURE 


In the past, measurements of semiconduction or 
photoconduction in 8-carotene were made in an at- 
mosphere of dry argon or nitrogen. The samples were 
first heated to 120°C and then cooled before readings 
were taken. This was found to be not essential in the 
case of 8-carotene glass cells, for these were well pro- 
tected from atmospheric effects, but to be quite neces- 
sary in the case of powder crystalline cells when the 
powder had been exposed even briefly to air after 
preparation. 

When the powder cell had been temperature cycled 
(keeping the temperature below 120°C to prevent 
sintering) and returned to room temperature, the dark 
current under argon or nitrogen atmosphere was 
typically about 5X10-" amp for an applied voltage of 


6B. Rosenberg, J. Chem. Phys. 31, 238 (1959). 

7B. Rosenberg, ‘“‘Photoconduction and Photovoltaic Effects in 
Carotenoid Pigments” in Electronic Conductivity in Organic 
Solids (Interscience Publishers, Inc., New York, to be published 
in 1961). 

8B. Rosenberg, J. Chem. Phys. 34, 63 (1961). 
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Fic. 1. Dark current increase with time in oxygen for all 
trans B-carotene. 


22.5 v across a 3-mil thick cell of 1 cm? area. The cell 
was then continually flushed with dry compressed air 
or oxygen and the current determined as a function of 
time. Due to low flow rates of the gas, it usually re- 
quired about 1-2 minutes to completely flush the ap- 
paratus. The results of such a measurement are shown 
in Fig. 1 for pure oxygen gas. In this case, the dark 
current increased by a factor of 3400 when the steady 
state was reached. The latency period at the beginning 
is due to the flushing time. It can be seen that the cur- 
rent has an initial fast rise which slows down and 
finally reaches a steady state value. The shape of the 
curve is suggestive of a relationship of /(t) =Jequii 
[1—exp(¢/r) ] which one should expect to hold on the 
basis of the theory of gas adsorption. However when 
plotted in this form, the data do not give good straight 
lines with a single slope and therefore only the single 
primitive data curve is given. 

In contradistinction to the data of Chynoweth on 
anthracene, irradiation with intense white light either 
before, during or after oxygen adsorption has no ap- 
preciable effect upon the equilibrium dark current. It 
is therefore concluded that in the case of 8-carotene, 
photo-oxidation does not seem to be playing an im- 
portant role. In addition, the equilibrium current is 
the same whether an electric field is applied during 
adsorption or not. These remarks hold true as well for 
the desorption process described below. ‘Another vari- 
able tested was the type of electrodes used. Again, the 
effects were similar for metal rear electrodes of stainless 
steel, monel metal or aluminum. It does not seem 
possible, from this and other data to be presented (the 
desorption activation energy), to ascribe the oxygen 
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Fic. 2. Dark current decrease due to oxygen desorption for all 
trans B-carotene. 


effect to a metal-semiconductor barrier phenomenon or 
to intergrain barrier effects. 

If, after equilibrium has been reached at room tem- 
perature, the flow of oxygen gas is replaced by pure 
argon or nitrogen, the current decreases at a rate of a 
few per cent per hour. However as the temperature at 
which the gas change over is elevated, the current de- 
creases at a faster rate. In Fig. 2, the decrease in dark 
current is shown as a function of time at the tempera- 
ture of 56°C. There is an initial rapid drop followed by 
a much slower process. This will be discussed in more 
detail in Sec. V. If the sample is heated in argon or 
nitrogen to 120°C and cooled, the original dark current 
(before oxygen adsorption) is reached. We have re- 
peated this process on a single sample as much as 12 
times with no significant variation in the final dark 
current or the semiconduction activation energy. This 
indicates that the oxygen process is completely re- 
versible with respect to changes in temperature and 
oxygen concentration. 

Measurements were next made on the magnitude of 
the current increase at constant temperature as a func- 
tion of the partial pressure of oxygen in the chamber. 
Here, the flow rate of oxygen and argon were sepa- 
rately monitored while the chamber was kept at normal 
atmospheric pressure. Each time the oxygen flow rate 
was increased, the current was determined after a 10- 
minute waiting period to allow the sample to come to a 
partial equilibrium (total equilibrium would require a 
few hours). However, it can easily be shown that if 
the equilibrium currents are a linear function of the 
partial pressure, then the nonequilibrium currents will 
also be a linear function of the partial pressure so long 
as the same relaxation time is used in each of the meas- 
urements. The same is true for nonlinear functions. At 
higher temperatures of course the rate of approach to 
equilibrium is much more rapid. In Fig. 3 the results of 


such measurements for two temperatures are given for 
all trans 6-carotene. In both cases the current is linearly 
proportional to the partial pressure of oxygen, with the 
larger constant of proportionality for the higher tem- 
perature case as discussed above. The measurements 
cover the limited range of 0-18% oxygen concentra- 
tion. These results are in agreement with Bornmann,’ 
who reported a linear increase of the dark current with 
partial pressure of oxygen for various metal phthalo- 
cyanines. If we consider this a true Langmuir isotherm, 
the implication to be drawn from the linearity is a 
simple one, viz., that the fraction of the surface covered 
by the adsorbed oxygen gas which causes the current 
increase is a very small portion of the total surface 
area. Assume that the current increase (AJoxygen) is 
proportional to the fractional area of surface covered 
by the oxygen (@). That is 


Al oxygen = KO. (1) 


The Langmuir isotherm equation is of the form'® 


6/(1—6) =bP, (2) 
where P is the partial pressure of the gas and b a con- 
stant of proportionality (at constant temperature). 
Then to have linearity requires that 61. We will 
return to this point in Sec. VI. 
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Fic. 3. Dark current increase as a function of oxygen concen- 
tration in all frans B-carotene: A. Temp=23°C; B. Temp=35°C. 

9J. A. Bornmann, J. Chem. Phys. 27, 604 (1957). 

© More properly one should use the isotherm equation for 
mixed gases since nitrogen or argon is admixed with the oxygen. 
However this only introduces another small term in the equation 
which is also ignorable with respect to 1 when the experimental 
oxygen adsorption is linear with pressure, and the equation re- 
duces to the above. This means that the oxygen adsorption 
process is independent of the presence of the inert gas. 





PHOTO- AND SEMICONDUCTION OF 


Ill. EFFECT OF ADSORBED OXYGEN ON THE SURFACE 
SEMICONDUCTION ACTIVATION ENERGY 


The surface semiconduction activation energy of 
powdered crystalline 8-carotene is about 1.5 ev in the 
sandwich cell arrangement. The data of dark current 
vs temperature give straight lines on a semilog plot of 
current vs the reciprocal absolute temperature over a 
range of current values of 10° and a temperature range 
from — 40°C to 120°C. The measurements are normally 
made in an atmosphere of dry argon or nitrogen, both 
of which give identical values. To determine the effect 
of oxygen on the semiconduction current, the sample is 
allowed to adsorb oxygen and come to equilibrium at 
room temperature with the gas environment containing 
a known and adjustable concentration of oxygen in 
argon. The pressure of the total gas mixture is at- 
mospheric in all our experiments. The chamber is 
rapidly cooled to 0°C (or to —40°C) and then the tem- 
perature is slowly increased to 120°C. This may be 
done in the same oxygen containing atmosphere, or 
alternatively, the chamber may be flushed with pure 
argon after the cooling process. In the first type of 
measurement the chamber is flushed with pure argon 
after reaching 120°C for the cooling portion of the 
curve. The results of one such experiment are shown in 
Fig. 4 as illustrative of the process. Here the heating 
curve was started at 0°C. For the region up to 30°C 


(A) the curve has a straight line portion. As the tem- 
perature increases further there is gradual slowing 
down of the rate of current rise with temperature and 
then a drop off (B); and finally at temperatures above 
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Fic. 4. The effect of oxygen on the semiconduction process in 
all trans B-carotene. 
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Taste I. The effect of oxygen on the activation energies for 
semiconduction and photoconduction in all trans B-carotene 





Activation energy (ev) 


Argon Oxygen 





Semiconduction 1.29 


0.34 


Photoconduction 


80°C another linear portion (C). With the cooling por- 

1g of the curve, the usual straight line is obtained 
(D). The interpretation of these results is fairly obvi- 
ous and has been corroborated in all essential details. 
The portion (A) is due to the association of oxygen 
with the surface molecules which is fairly stable below 
30-40°C. At higher temperatures (B), the association 
breaks down at a faster rate and the oxygen molecules 
are desorbed from the surface, the rate of desorption 
increasing with temperature, and the current begins to 
diminish towards the normal current value in argon. 
In the region of (C), the oxygen is almost completely 
desorbed and the argon dark current is reached. This 
then results in the normal argon cooling curve (D). 

The points of major interest in these curves are the 
slopes of the regions (A) and (D) which give the 
activation energies of the processes; and the tempera- 
ture region where rapid desorption occurs, as indicating 
the binding energy of the adsorbed oxygen. In all of 
our present measurements the slopes of the (A) por- 
tions are smaller than the (D) portions. That is the 
activation energy for surface conduction is less for the 
oxygen-carotene complex than for the pure carotene. 
The averages of a number of measurements give the 
values shown in Table I. The activation energy of 
semiconduction is lowered by 0.23 ev when oxygen is 
absorbed in sufficient quantity to greatly increase the 
dark current. The decrease in activation energy with 
adsorbed gases has been fairly well established; (in 
particular, see footnotes 1, 2, and 9). 

The desorption process has an activation energy 
somewhat larger than KT, since the rate of desorption 
becomes rapid only above 50°C or so. The same type of 
curves is obtained for samples where pure argon is 
substituted after cooling and before heating starts, 
except that the desorption effect becomes noticeable at 
slightly lower temperatures. The desorption activation 
energy will be discussed in more detail in Section V. 

IV. EFFECT OF ADSORBED OXYGEN ON THE 
PHOTOCONDUCTION ACTIVATION ENERGY 

The adsorption of oxygen increases the photocurrent 
in B-carotene powder, but not by the same factor as the 
dark current increase. The results of such measure- 
ments at a‘constant temperature are shown in Table 
II. The dark current increase is larger by a factor of 44 
than the photocurrent increase. 

The photoconduction activation energy of all trans 
8-carotene has been reported previously* as 0.37 ev 
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TABLE II. The effect of oxygen on the dark current and 
photocurrent in all ¢rans B-carotene at constant temperature. 


Oxygen pressure=1 atm Temperature = 25°C 


Dark Current (jp) Photocurrent (jz) 


6.3X10-” amp 


Argon 6.0 10-" amp 


Oxygen 6.6X 10 amp 1.6X10-* amp 


} pp’ (oxygen) i’ (oxygen) " 
Jp \Oxyge = 1100 JL ys wos 


ji (argon) 


Ratios ; 
jJp(argon) 


for ‘the average of a number of measurements. We have 
now measured the activation energy in a sample of all 
trans B-carotene in argon and then in oxygen. The 
results of these measurements are given in Table I. 
While the magnitude of the photocurrent increases by 
a factor of 25, there is no perceptible difference in the 
activation energy in argon or oxygen. 


V. DESORPTION OF OXYGEN AT CONSTANT 
TEMPERATURE 


The data given in Fig. 4 have been interpreted as a 
desorption of oxygen with a temperature dependent 
rate. This has been tested and verified in the following 
manner. A previously deoxygenated sample was kept 
at a constant temperature and allowed to come to 
equilibrium (with respect to the dark current) with a 
gas ambient containing a known concentration of 
oxygen. At a given time the oxygen was flushed from 
the system with a continual flow of pure argon. The 
dark current was then measured as a function of time. 
Figure 2 illustrates the decrease in current. This was 
repeated for four different temperatures. The results 
are compiled in Fig. 5. The method of plotting is based 
upon the following analysis: We again assume as in 
Eq. (1) that the current increase is proportional to the 
fraction of the surface covered by adsorbed oxygen 
molecules. That is, that the total current is composed 
of two terms, the irreducible (argon) value and the 
contribution from the oxygen-carotene complex 


Tota (3) 


_ I irgon + Dilceeens 


where Aloxygen iS given by Eq. (1). Since the second 
term in general is much larger than the first we will 
call the current increase with oxygen the total current. 
Therefore 


Tete =O ceoeens aa Ké. (4) 


For the simple desorption process we have! 


d6/dt=—vé6, (5) 


where v is the temperature dependent rate constant 
(when @=1) and is given by 


v=A exp(—q/KT). (6) 


1S. Brunauer, The Adsorption of Gases and Vapors (Princeton 
University Press, Princeton, New Jersey, 1945), Vol. I. 
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Integration of the expression in Eq. (5) with ap- 
propriate initial conditions gives 


0(t) =Oequii exp(— vt) (7) 


which on substitution of Eq. (4) yields the final equa- 
tion 


Tota (#) =I equil exp(—vt). (8) 


The data in Fig. 5 have been plotted so that straight 
lines would result if it followed the form of Eq. (8). 
Indeed, the first portion of the desorption process does 
give straight lines. These, however, depart from the 
curve after about 6 minutes decay. This is an as yet 
unknown slower process that has been mentioned 
above. The initial horizontal portions of the curves are 
again due to the flushing time of the sample chamber. 
The slopes of the curves give the values of v. These 
four values of v aré then replotted to give a straight 
line if it follows the temperature dependence of Eq. (6). 
The graph is given as Fig. 6. Again a fair agreement to 
the expected form results. The slope of this curve then 
gives the value of g, the activation energy for desorp- 
tion of the oxygen from the carotene surface. This 
value is 0.17 ev. This experimental activation energy q 
represents the difference in energy between the states 
of the gas and the bound states on the surface of the 
B-carotene, and apart from a small entropy factor 
should be the binding energy of the oxygen-carotene 
complex. Since there is no activation energy in forming 
the complex, it is certainly of great interest that this 
value of the binding energy should be so close to the 
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Fic. 5. Rate of dark current decrease due to oxygen desorp- 
tion for all trans B-carotene. A. Temp=33°C; B. Temp=56°C; 
C. Temp=86°C; D. Temp= 100°C. 
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value of the decrease in semiconduction activation 
energy (0.23 ev). We are tempted to equate the two 
values, consider the difference as due to experimental 
variation, and therefore assign the mean value of 0.20 ev 
to both. The general hypothesis would be, “The de- 
crease in activation energy of surface semiconduction in 
organic crystals due to adsorbed acceptor gases is equal 
to the binding energy of the complex formed by the 
molecules of the gas and the surface molecules of the 
substrate.” Uusiseenaiy there is to our knowledge no 
other such comparable sets of data in the field to test 
this hypothesis. 


VI. nn OF CURRENT INCREASE DUE TO 
DSORBED OXYGEN 


We should now like to turn to considerations of the 
mechanisms whereby adsorbed oxygen can effect the 
large increases in the semiconduction and photocon- 
duction currents. The clearest method of analysis is to 
write down the most simple general expressions for the 
semiconduction and photoconduction processes and 
then to determine from the experimental evidence 
which parameters are a function of the formation of 
the oxygen-carotene complex. For the semiconduction 
process we have the equation for the current density 


Jpo=noeuF exp(—Ep/2KT), (9) 


where ”) may represent the number of molecules in 
the ground state, or equivalently the number of states 
available to the process; e is the electron charge, yu is 
the mobility; F is the field strength; and Ep is the ex- 
perimental activation energy.(One may alternately 
write Ep'/KT, since there does not seem to be any 
general agre ement on the presence or absence of the 
factor of 2. The writer prefers the factor of 2 since the 
value of Ep then for most organic substances shows a 
startling agreement with the energy of the lowest 
triplet state.) 

The corresponding equation for the photocurrent 
cannot be so simply written. Complications of numerous 
sorts have arisen in determining the functional de- 
pendence on the various possible experimental param- 
eters. In general, the photocurrents in 8-carotene may 
follow a linear or a } power dependence upon the field 
strength. The choice is determined by the wavelength 
of the exciting light and the magnitude of the applied 
field. The equation previously suggested by the writer 
is 


Jr=AaV ot B(a,— K) Vo}, (10) 
where Vo is the applied voltage; a, the optical absorp- 
tion coefficient; and k is a constant of the order of 
10*/cm. The constants A and B lump together other 
factors some of which are described in Eq. (11) below. 
It was pointed out in that paper that for the case of 
white light incident through the positive electrode the 
transition from the linear dependence to the higher 


voltage } power dependence occurred at 24 v applied 
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Fic. 6. The dependence of the desorption rate constant » upon 


temp in all ¢rans B-carotene. 


across a sample 1 mil thick. In our present measure- 
ments we have the same circumstance except for the 
greater thickness of our sample (3 mil). The applied 
voltage used at present was 22.5 v and therefore we 
are safely within the linear region. We may then write 
for the restricted case of our present measurements 
jJr=alpepF exp(—E,/KT), (11) 
where now a J) gives the intensity of absorbed light; ¢ 
a factor which includes, according to the triplet state 
theory of photoconduction suggested by the writer, 
the lifetime of the triplet state and the ratio of the 
rate of intersystem crossing to the rate of other proc- 
esses for depleting the excited singlet state (fluores- 
cerice and quenching) ; e, wu and F are as in Eq. (9) and 
E, is the photoconduction activation energy described 
in Sec. IV. We now consider Eqs. (9) and (11) as 
holding for the case of an inert atmosphere (argon 
nitrogen etc.) and proceed to rewrite these equations 
with primes representing possible new values depend- 
ing on the presence of adsorbed oxygen. Thus Eq. (9) 
becomes 
'/2KT) 


Jo’ =no ep’ F’ exp(— Ep ( 12) 


and Eq. (11) becomes 


ju’ =" ay’ They’ F’ exp(— Ex'/KT) (13) 

Some of these primes can be eliminated, however, 
from some simple considerations. The currents which 
are ohmic in argon remain ohmic under oxygen, and 
therefore F’=F. The absorption coefficient of f- 
carotene is already one of the largest known and since 
it has been shown that the fraction of the surface 
covered by the adsorbed oxygen is very small, it is not 


2B. Rosenberg, J. Chem. Phys. 29, 1108 (1958). 
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likely that a, changes perceptibly and we set a’=ay. 
While it is tempting, in the light of the paramagnetic 
nature of the oxygen ground state to assume an effect 
of its presence upon the factor ¢, this does not appear 
likely to be important. It has been shown that oxygen 
decreases the lifetime of the triplet state by collisional 
deactivation in fluid media more effectively than it 
enhances the transition rate of intersystem crossing 
(due to the fact that the lifetime of the triplet state is 
much longer than the excited singlet state, thus giving 
the oxygen more time to act). Since the oxygen is 
bound in this case collisional deactivation does not 
occur and we may set ¢’=¢. We now take the ratio of 
the oxygen gas equations to the inert gas equations. 
This gives us for the semiconduction ratio [(9) and 
the modified (12) ] 


jo /jp= (no'/ny) (w/w) expl(Ep— Ep’) /2KT], 


and for the photoconduction ratio [from Eq. (11) and 
the modified (13) ] 


ju /j = (u'/m) exp[(Exr— Ex’) /KT]. (15) 


These equations are now to be compared with the 
experimental results. The change in the semiconduction 
activation energy, Ep— Ep’, has been given as 0.20 ev 
(0.23 ev by direct measurement and 0.17 by the de- 
sorption activation energy data). The photoconduc- 
tion activation energy is independent of the ambient 
gas. Therefore E,—E,’=0. We evaluate the ex- 
ponentials for room temperature and put these values 
in Eq. (14) and (15), giving 


(14) 


jo’ Jp=48X (no Ny) (uw B) (16) 
and 


(17) 


We have thus far reduced the effect of oxygen on 
photoconduction to an increase of mobility of the 
current carriers only. The experimental value for the 
ratio of photocurrents at room temperature has been 
given in Table II as j,’/j,=25. If, as has been shown 
in the past, the predominant current carriers in both 
semiconduction and photoconduction are positive holes, 
then the mobilities are the same in both cases and we 
can put the numerical value of 25 in Eq. (16). This 
gives us 


ju/ji= (u/s). 


jo'/j p=48X25X (no /n,) =1200 (19'/n,). (18) 


This is to be compared with the experimental value of 
the ratio from Table IL of jp’/jp=1100. While we 
should not like to put too much emphasis on the 
excellent agreement between the numerical values, 
since this is to some extent due to the choice of 0.20 
ev as the decrease in semiconduction activation energy 
rather than the value 0.23 ev directly measured (this 
would change 48 to 104, a factor of about 2), it is 


3G. Porter and M. W. Windsor, Proc. Roy. Soc. (London) 


A245, 238 (1958). 
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strongly indicative that mo’ does not vary by very 
much from mp. This means that we cannot consider the 
current increasing effect of oxygen to be a charge 
creation process in 6-carotene. The effect of oxygen is 
clearly twofold: (1) it decreases the activation energy 
of semiconduction; and (2) it increases the mobility 
of the positive hole charge carriers. The product of 
these two factors fully account for the increase in 
photoconduction and semiconduction currents. 

These results, while unambiguously derived in this 
analysis, raise some further questions. The linearity of 
the Langmuir Isotherm has been interpreted to mean 
that the fraction of the surface covered by oxygen is 
very small, i.e., the number of oxygen-carotene com- 
plexes is a small portion of the number of surface 
molecules. Yet the semiconduction activation energy 
is dominated by these complexes. This coupled to the 
result that mo’=mo, requires that the normal surface 
semiconduction arises similarly from only a small 
number of surface molecules. The question arises as 
to the nature of these “active” molecules on the 
surface. The body semiconduction activation energy of 
the melted glass 6-carotene has been shown to be 3.0 
ev.°7 When such a glass is crushed to a fine powder 
the semiconduction activation energy is reduced to 
1.55 ev, in agreement with the crystalline powder 
values, but the magnitude of the current is not greatly 
increased. Since these “active” centers are the same for 
both the glass and crystalline states, they cannot be 
ascribed to any type of lattice distortions. It cannot 
be due to impurities since the glass shows the two 
different activation energies depending only on the 
continuous or discrete nature of the material between 
the electrodes. 

Another difficulty is the large increase in mobility of 
the charge carriers if the complexes are few and far 
between. A partial solution to these difficulties results 
if we assume that the oxygen covers a large fraction of 
the total surface and seek another explanation for the 
linear isotherm. It is obvious that much more work is 
required to solve these problems. 

VII. RELATION OF OXYGEN EFFECT TO PLATT’S 

‘“DONOR-CAROTENE-ACCEPTOR COMPLEX” 


In a recent paper“ Platt has suggested a very inter- 
esting theory concerning the involvement of carotene 
molecules in the photosynthetic process. This involves 
the dark formation of a weak donor-carotene-acceptor 
triple complex of a partial charge transfer type. This 
complex will lower the energy levels of the carotene— 
either the singlet or triplet levels—from the uncom- 
plexed form. If the amount of lowering is sufficient, it 
could go from the values of the free carotene which are 
known to be higher than the corresponding electronic 
energy levels in chlorophyll to values below these 
levels. This complex would then act as an energy sink 
for the excited states of the whole system. The complex, 


4 J. R. Platt, Science 129, 372 (1959). 
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upon absorption of such transferred energy, would then 
dissociate into neutral carotene and ionized acceptor 
and donor molecules. He has also suggested that bi- 
molecular complexes may be formed which act subse- 
quent to each other in time to accomplish the same 
purpose. 

On the basis of the work described above we can 
provide an experimental verification of at least one 
part of this theory. While we cannot on the basis of 
this work confidently conclude that the oxygen-carotene 
complex formed is of a partial charge transfer type, it 
seems a plausible consideration. The value of the 
binding energy (0.20 ev) is of the order to be expected 
from such complexes—but it is also of the same order 
as Van der Waals binding. A complete charge transfer 
complex can at once be eliminated by the result given 
above that no positive hole injection occurs in £- 
carotene. 

It has been shown that the surface semiconduction 
activation energy of the pure 6-carotene has the value 
of 1.52 ev. The corresponding value for the oxygen- 
carotene complex is 1.29 ev. We can safely assume that 
these energies refer to a molecular level above the 
ground state which leads to the liberation of a mobile 
hole in the ground state. These two values are then to 
be compared with the chlorophyll molecular energy 
levels. Calvin and Dorough and Becker and Kasha" 
have shown that the triplet level in chlorophyll 6 is 
1.43 ev above the ground state. This lies almost mid- 
way between the higher value of free carotene and the 
lower value of the oxygen-carotene complex, in cor- 
roboration of one part of Platt’s theory. 


1% M. Calvin and G. D. Dorough, Science 105, 433 (1947). 

1% R. S. Becker and M. Kasha in The Luminescence of Bio 
logical Systems, edited by F. H. Johnson (A.A.A.S., Washington, 
D. C., 1955), p. 25. 
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We have also attempted to find evidence for the 
effect of donor-carotene complexes on the semiconduc- 
tion and photoconduction currents. The following gases 
have been tested so far: hydrogen, illuminating gas 
and water vapor carried by nitrogen. In all three cases 
there was no change in the magnitude of the currents 
or in the activation energies (water vapor at tempera- 
tures below 50°C, where it condenses, shorts out the 
insulators in the cell and causes an abnormal increase 
in the current, at more elevated temperatures it has no 
perceptible effect). We have not yet had an oppor- 
tunity to extend these tests to other gases. This method 
of approach seems to be an eminently practical way to 
test the further ramifications of Platt’s theory. 

The formation of the weakly bound oxygen-carotene 
complex may be of some significance in another case. 
It has been proven that carotene serves to protect the 
living cell from a destructive chlorophyll sensitized 
photooxidation.'” The above work indicates that one 
possible mechanism for this may be that carotene ties 
up the excess oxygen in the form of the weakly bound 
oxygen-carotene complex where it is stored, and re- 
leased when the oxygen tension of the system is low, 
as in respiration. 
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The crystal nucleation behavior of some normal alkane liquids—CisHss4, CivHse, CisH3s, CosHs0, and 
CseHos— was investigated by the droplet technique. The relative undercoolings, 1—\, (i.e., the actual under 
cooling in units of the absolute melting temperature) at which the crystal nucleation frequency in these 
liquids becomes 10’ cm~? sec™ are 0.037 to 0.043, and almost an order of magnitude smaller than those for 
simple molecular substances. Crystal nucleation frequencies in droplets of CizHse and CisHss samples of 
very high purity were determined quantitatively. The frequencies were proportional to droplet volume and 
increased by a factor of 5000 to 8000 per 1° decrease in temperature. The results are satisfactorily described 
by the classical nucleation theory with values of the crystal nucleus - liquid interfacial tension o, 7.2 erg- 


2 


cm™ for Cy7H3s and 9.6 erg-cm™ for CisHss. The experimental pre-exponential factors in the nucleation 
expression agree with the theoretical values to well within the experimental uncertainty. The small relative 
undercooling and the weak glass-forming tendency in the high-molecular weight n-alkane liquids is satis- 
factorily explained by the hypothesis of nucleation of small segments of molecules. 





INTRODUCTION 


ECENTLY Cohen and one of us'~* developed a 
simple model for the glass transition according 
to which any liquid would form a glass at some temper- 
ature well above 0°K if crystallization does not inter- 
vene. Whether or not crystallization intervenes is 
determined by the magnitude of the crystallization 
kinetic constants (the crystal nucleation frequency J, 
and the crystal growth constant D,) and the rate at 
which the liquid is cooled. A glass, once formed, is 
stable for a long time, since the rate of growth of 
crystals within it is very small. 
In considering the glass-forming tendency it is 
convenient to reduced temperature, 7, as 
follows 


define a 


r=kT/Ip, (1) 


where 7 is the ordinary absolute temperature and /, 
is the molecular heat of vaporization. Certain properties 
of all liquids of a particular molecular type or class 
(e.g., simple molecular substances form one class, 
metallic substances another) are approximately single 
functions of the reduced temperature. From the meager 
evidence at hand it appears®* that within any given 
class the reduced temperature 7, at the glass transition 
is approximately constant, and the kinetic constant 
for crystal growth D, is approximately a single function 
D.(7) of the reduced 
reduced thermodynamic 


However, the 
crystallization temperature 
Tm Varies widely within a class. As the temperature is 


temperature. 


decreased from rm the crystal nucleation frequency 
presumably increases sharply, but does not become 
readily measurable until 7 has fallen to some value 


‘DP. Turnbull and M. H. 
(1958). 

2M. H 
(1959). 

3P—. Turnbull and M. H. Cohen, Modern Aspects of the Vitreous 
State, edited by J. C. Mackenzie (Butterworths Scientific Publi- 
cations, Ltd., London, 1960). 

‘D. Turnbull and M. H. Cohen, J. Chem. Phys. (to be pub- 
lished). 


Cohen, J. Chem. Phys. 29, 1049 


Cohen and D. Turnbull, J. Chem. Phys. 31, 1164 


r’ proportional to Tm, that is: 
t’=\tm; (2) 


where \ is approximately constant for a glass. From 
these considerations Cohen and Turnbull’ showed 
that the glass-forming tendency of liquids in a class 
should be the greater as Tm is less. 

The reduced normal boiling temperature 7» of simple 


molecular substances is about 0.1. For those members 


of this class for which tmS0.06, X has been found®* to 
be 0.7 to 0.75. However, when cooled at ordinary 
rates, the simple molecular liquids having t»_<0.05 
usually form glasses at reduced temperatures near 
0.023 to 0.025.!% The high molecular weight members 
of the normal alkane have reduced thermo- 
dynamic crystallization temperatures around 0.045 
to 0.050, but they do not form glasses when cooled at 
normal rates. This weak glass-forming tendency was 
explained’ on the basis of the concept already de- 
veloped for polymer systems’ that crystal nucleation in 
long chain molecules requires aggregation not of entire 
molecules but only of molecular segments. Conse- 
quently, the crystal nucleation frequency and \ should 
be relatively large for the higher molecular weight 
normal alkanes. To test these ideas and also to obtain 
results that might be helpful in the interpretation of 
the mechanism of crystallization in polymer systems, 
we decided to measure the crystal nucleation frequency 
of some typical high molecular weight n-alkane liquids. 

In order to circumvent the effects of foreign surfaces 
on nucleation, we have used the droplet technique 
described in papers by Vonnegut® and one of us.*~"! The 
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analysis of droplet data, which has been described fully 
elsewhere," is outlined briefly in the following section. 

ANALYSIS OF DROPLET DATA AND NUCLEATION 

THEORY 

It is possible to determine the nucleation frequency 
absolutely from dilatometric measurements on droplet 
dispersions provided the droplet crystallization period 
after nucleation is negligible compared with the mean 
droplet nucleation time. In this method the volume of a 
sample of liquid in the form of droplets, kept apart by 
surface films, is measured during crystallization. The 
volume fraction 1-V of the sample which is still liquid 
after an isothermal hold for a time ¢ is given by 


D 
1—V =) Vp" exp(—kot), (3) 
D=0 
where Vp° is the volume fraction of liquid droplets hav- 
ing diameters between D and D+AD (where D>AD) 
at time zero, and &p is the crystal nucleation frequency 
of a droplet having the diameter D. Also 


D=a 
> Vp°’= ‘ da) 


D=() 


If nucleation occurs homogeneously (i.e., unassisted 


by foreign surfaces) , 


kp=Ivp, (4a) 


where J is the nucleation frequency per unit volume 
and vp is the volume of a droplet of diameter D. If 
nucleation is catalyzed by a film on the droplet surface, 


(4b) 


where J, is the nucleation frequency per unit area of 
film and ap is the area of the droplet. 

From nucleation theory” the frequency of homogene- 
ous nucleation of crystals in undercooled liquids may 
be written: 


kp = I.,ap, 


I=K, exp(—W*/kT), (5) 

where W*= the work required to form a nucleus, and™ 
K,=ynD'/a;?, 

y=2(v)*(6/kT)!. 


(5a) 


(5b) 


n=the number of molecules per unit volume; 
D’=the nucleation kinetic constant in cm? sec”; 

o is a parameter which, in classical nucleation 
theory, is identified with the liquid-crystal inter- 
facial tension; 

do=the mean molecular diameter; 

v=the molecular volume. 


8 In our expression for y, Eq. (5b), the factor */i*i, where 
i* is the number of molecules in the nucleus and n* is the number 
of molecules in the surface of the nucleus, replaces m* of Turn- 
bull and Fisher’s! expression. This modification is made to correct 
for Turnbull and Fisher’s inadvertent failure to cancel the factor 
a*-4 in arriving at their Eq. (16). Turnbull and Fisher are in- 
debted to Professor R. Defay of the Free University of Brussels 
for calling this mistake to their attention. 
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If we assume that the liquid-crystal surface tension 

is independent of the orientation of the crystal surfaces 

it follows that 

W * = (1672/3) (0°/AG,?), 


(5c) 


where AG, is the free energy of bulk crystallization 
per unit volume. If AS,, the entropy of crystallization 
per unit volume, is independent of the undercooling 
AT, we obtain 


AG,=AS,AT. (Sd) 


T’, the temperature at which the nucleation frequency 
has some specified measurable value, is easily found 
from this set of equations. 

It is probable that o for the high-molecular weight 
normal alkanes is strongly dependent upon crystal 
surface orientation. However, in the present analysis 
we shall ignore this dependence since there is no quanti- 
tative theory for it. Thus the values of o inferred from 
our experiments may represent, at best, averages over 
the various surface orientations. 

The normal alkanes of intermediate molecular weight 
fall into two classes according to their crystallization 
behavior; in one class the molecules contain an even 
number and in the other an odd numberof carbon atoms. 
It has been established that the entropy of fusion 
per unit volume is constant for a class and it is ex- 
pected from simple chemical considerations that o 
should be constant as well. From these generaliza- 
tions Turnbull and Cohen* showed that for a class 
[see Eq. (2) ] 


T’/Tm==1—(B/AT»*)', (6) 


where 7;,=the thermodynamic crystallization temper- 
ature, 
B=(16r/3 A 
= (107/35) ae : 
k(AS,)? In(K,/I,)’ 


(6a) 


and J, is some constant measurable nucleation fre- 
quency. Since o and AS, are constant and K, should 
vary slowly with the number of carbon atoms, B 
should be approximately independent of chain length. 
Therefore, Turnbull and Cohen* concluded that 1—A 
should fall off with increasing chain length roughly 
as the reciprocal of the corresponding 7, values taken 
to the three-halves power. 


EXPERIMENTAL 


Any part of the procedure not described specifically 
here was just as described in the earlier paper on 
mercury.” 


Compounds 
The two compounds which we investigated most 
extensively are n-heptadecane (Ci;H3) and n-octade- 
cane (CisH3s). Samples of these compounds of very 
high purity were kindly supplied to us by the Pennsyl- 
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SAMPLE Fic. 1. Distribution of sample 
18-A volume among the different droplet 
18-B : sizes for m-octadecane dispersions. 
18-C pa 
18-D >Vy° 
I8-E “tilad 

represents the volume fraction of the 
droplets having diameters less than 
D. D is defined by Eq. (7). 





vania State University and the American Petroleum 
Institute (A.P.I.), and were used in their as-received 
form. 


Our other measurements were made on n-hexa- 


decane (CisHs), m-tetracosane (CaHs0), and n-dotri- 
acontane (Cz:H¢.). These compounds were of ordinary 
CP grade and the n-tetracosane and n-dotriacontane 
were further purified by successive recrystallizations 
from sulfuric acid and diethyl ether. 


Formation of Droplet Dispersions 


Dispersions of hydrocarbon droplets in water, 
stabilized by a wetting agent, were formed by mixing 
the constituents in a Waring Blendor. Igepal CO-880 
[ CsHip—CsHy-O (CH:-O-CHp) 4.O-C2Hs) ] was used as 
a wetting agent. The mixture used usually consisted 
of 100 cc distilled water, 7 cc hydrocarbon, and 2 gm 
Igepal. The mean droplet size decreased with time of 
mixing and ranged from one to several microns. The 
concentration and size of the droplets in the dilatom- 
eter samples could be varied considerably by proper 
sampling of blended mixtures in which some gravity 
segregation had occurred. 

Dilatometry 

Our dilatometric procedures were in general similar 
to those described earlier,’ except that special provision 
had to be made to keep the hydrocarbon droplets 
confined to the dilatometer bulb. This provision was a 
thin polyethylene diaphragm seated on a flat ground- 
glass joint which connected the dilatometer bulb and 
indicator tube. The joint was kept from leaking by 
pressure exerted by a clamp. 

The cylindrical dilatometer bulb was 0.6 cm in inner 
diameter and had a capacity of 3.5 cc. The indicator 
tube was a long capillary of 0.02 cm inner diameter, 
and was filled with water during the experiments. In 
the isothermal experiments the dilatometer bulb was 
entirely immersed in a bath held at a temperature 


constant to within +0.0015°. This temperature was 
measured with a calibrated thermometer. The amounts 
of hydrocarbon in the dilatometer were such that the 
water column in the indicator tube dropped from 2 to 8 
cm during the complete course of isothermal crystalliza- 
tion. The crystallization rate was kept small enough so 
that the temperature in the dilatometer would not 
be raised appreciably above the bath temperature. To 
test the performance of the dilatometer, the coefficient 
of thermal expansion of water was measured over the 
temperature range 2 to 31°C. The results agree with 
published values to well within the expected errors in 
the cathetometer readings. Also, the measured changes 
in volume (about 11%) of the hydrocarbons upon soli- 
dification were in good agreement with published 
values. 
Droplet Size Measurements 


To interpret the results of droplet experiments, it is 
necessary to have fairly accurate knowledge of the 
distribution of sample volume among the different 
droplet sizes. To obtain this distribution, representa- 
tive samples were withdrawn from the dilatometer 
after, and sometimes before as well, a complete set of 
experiments. The sample was diluted five times with 
an Igepal-water solution; a part of it, held in the form 
of a film about 25y thick between glass plates, was 
examined microscopically. Photomicrographs were 
made of various representative regions of the film as 
viewed by transmitted light at magnifications of 600- 
700. The number of droplets in the various size ranges 
was then determined from these photomicrographs. 
About 2000 droplets were so classified in each distri- 
bution determination. The smoothed volume distribu- 
tion curves for the n-octadecane dispersions are shown 
in Fig. 1. The mean droplet size D is defined by 

D=D 


> Vp°=0.5. (7) 


D=0 





CRYSTAL 


Fic. 2. Course of dilatometer read- 
ings in two continuous cooling-heating 
cycles [(a) and (b)] for n-heptade- 
cane dispersion 17-A. ag repre- 
sents solid state transition. 


DILATOMETER READING (cm) 





NUCLEATION 


nating 


C7 Hygl 17-A) 
D=1 7p 


1 





Similar distribution curves were found for the other 
dispersions, 

We found that the volume distribution in a dispersion 
did not change appreciably with time, provided the 
dispersion was mildly agitated at least once in 48 hours 
and nothing evaporated from it. This conclusion is 
supported by the result that the solidification isotherm 
of a particular dispersion at a given temperature was 
the same, within experimental error, at widely separ- 
ated times (e.g., two weeks separation). 

The determination of the volume distribution of the 
droplets and of D is the principal source of error in our 
experiments. The hydrocarbon droplets could not be 
resolved microscopically as sharply as the mercury 
droplets investigated earlier..° We estimate the un- 
certainty in the droplet diameters, and in D, to be 
+0.25 p. 

RESULTS AND THEIR ANALYSIS 


We shall present the description and analysis of the 
results for each of the hydrocarbons investigated in 
turn. Since the results for the different compounds are 
quite similar, detailed explanations will be given only 
for n-heptadecane, the first compound discussed. None 
of the bulk hydrocarbons undercooled more than 1 
to 2° before freezing began. 


n-Heptadecane 


We determined first the melting and freezing range 
of the dispersions by continuous cooling and heating 
experiments. In these experiments, the temperature 
was changed at the rate of 0.1° per min except during 
freezing and melting, when the change was about 0.02° 
per min. The dilatometer was read at least every 5 min. 

The course (within 0.02 cm) of the dilatometer 
readings in two cooling-heating cycles [(a) and (b) ] 
for dispersion 17-A is shown in Fig. 2. In cycle (a) the 
melted dispersion was cooled through the freezing 


15 
TEMP. °C 


range, which occurred at about 13-14° undercooling 
(8.5-9.5°C), and then through a solid state transfor- 
mation (a—8) range at 2-3°C. The dispersion was 
then warmed back through the solid state transforma- 
tion reversal range (at 11-12°C) and on through the 
melting range. It is interesting that the droplets first 
crystallized to the a rather than the 8 phase. We shall 
not be concerned further with the solid state transfor- 
mation. In the isothermal experiments the tempera- 
tures were not sufficiently low for it to occur. 

We consider now the melting and freezing behavior 
of the dispersion. About 80% of the sample melted in 
the same narrow temperature range (21.9-22.1°C) as 
the whole of a bulk sample. However, the remaining 
20% of the sample melted over the range from 1° 
below and upward to the bulk melting temperature 
Tn. It appears that the freezing range also exhibits 
two parts. One is a narrow range, about 13° below 7,,, 
in which about 80% of the sample freezes, and the other 
a range contiguous with the first but extending about 
1° below it, in which the remaining 20% of the sample 
freezes. These results suggested that the dispersion 
consists of two fractions: one fraction x, the major one, 
having the melting temperature of the bulk hydro- 
carbon and freezing over a narrow range; the other 
fraction 1—x, having a 1° range of melting tempera- 
tures and a corresponding broad range of freezing 
temperatures. To test this hypothesis we carried out 
cooling-heating cycle (b), in which the freezing was 
interrupted by a temperature rise after going about 80% 
to completion. In this cycle we found (see Fig. 2) 
that nearly all of the frozen part of the sample ex- 
hibited the sharp melting behavior, centering at 7, 
which we attributed to the fraction «x. This result con- 
firms that the “sharply melting fraction” of the sample, 
x, also freezes in a narrow temperature interval which 
lies above, though contiguous with, the freezing range 
of the “diffuse melting fraction” 1—«. Since the under- 
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Fic, 3. Isothermal dependence of 
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cooling is quite large (13°) we must also conclude 
that the diffuse melting component freezes in isolation 
from the sharply melting component. 

The amount of the diffuse melting fraction in the 
-dispersion 17-B, in which the droplet size was rela- 
tively large, was found to be only one half as large 
(1—x~0.10) as in 17-A. Actually this result and those 
for the other hydrocarbons indicated that 1—x« is 
roughly proportional to 1/D, and hence to the specific 
droplet area per unit volume. This behavior suggests 
the possibility that the diffuse melting fraction is that 
part of the hydrocarbon which is affected by the surface 
film. It could be that in the rapid freezing, which pro- 
ceeds from the interior of the droplet, elements of the 
liquid become completely coated by the wetting agent 
and occluded by the growing crystal. These occluded 
regions, having a higher concentration of wetting 
agent, might melt at temperatures lower than those 
at which the bulk material melts. Also, crystal nuclea- 
tion within the regions will have to occur independently 
and because of the lower melting temperature and 
lesser volume of the region, it will become appreciable 
only at somewhat lower temperatures than in the 
droplet originally. 

Isothermal experiments were carried out on the two 
dispersions at several temperatures within the first 
part of the freezing range as determined in the con- 
tinuous cooling and heating experiments. Under these 
conditions freezing should be confined almost com- 
pletely to the sharply melting component. The volume 
fraction V of this component which has solidified 
[see Eq. (3) ] during an isothermal hold for a time ¢ 
was calculated from the equation 


V =Ah(t) /xAh(), (8) 


where Ah(t) is the fall of the dilatometer in time 1, 


Ah() is the fall during the entire course of solidifica- 
tion, and « is the fraction of the sharply melting com- 
ponent estimated from the continuous cooling and 
heating experiments. There is an uncertainty of about 
3 to 5% in our estimate of « but this does not detract 
significantly from the validity of our conclusions, which 
are based principally on the analysis of data in which 
V <0.5 to 0.6. 

The isothermal dependence of V on ¢ at several 
undercoolings (AT) for the dispersion 17-A is shown 
in Fig. 3. These isotherms are brought into coincidence, 
as shown in Fig. 4, when multiplied by the appropriate 
time scale factors f. In fact, just as was found for 
mercury,” the isotherms for any given hydrocarbon 
dispersion differ only by time scale factors. 

Taking kp to be proportional to droplet volume 
[Eq. (4a) ] a “volume” isotherm was calculated from 
the volume distribution of droplets in dispersion 17-A 
and Eqs. (3) and (4a) by the procedure explained in 
the earlier paper. This isotherm was matched with the 
composite experimental isotherm (Fig. 4) at V=0.45, 
and is plotted in Fig. 4. It is seen to agree fairly well 
with the experimental isotherm. However, the ‘‘area” 
isotherm calculated similarly, but with kp proportional 
to droplet area [Eq. (4b) ] instead of droplet volume, 
deviates quite widely from the experimental isotherm. 
Thus these results point toward a conclusion that the 
nucleation frequency in the droplets is proportional 
to droplet volume, as expected for homogeneous 
nucleation. 

The nucleation frequency kp in the droplet of mean 
diameter, D, is readily determined from the matched 
volume isotherm (see earlier paper’) and from it the 
nucleation frequency, 7, per unit volume is calculated 
with Eq. (4a). According to nucleation theory the 
logarithm of J should be proportional to 1/T(AT)? 
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Fic. 4. Composite isotherm for n-heptadecane dispersion 17-A. This is the curve which results when the listed time scale factors, /, 
are applied to the individual isotherms (in this case those shown in Fig. 3). V is the fraction of the sample that has solidified. AT is 


the undercooling. 


[Eqs (5), (Sc) and (5d) ] and it is for dispersion 17-4, 
as may be seen from Fig. 5. The magnitude of the 
temperature coefficient of the nucleation rate, about 
5000 per degree centigrade, is astonishing but it is just 
as predicted by nucleation theory (see Discussion). 

A set of isotherms was determined for the dispersion 
17-B, in which the mean droplet size was much larger 
than in 17-A, and analyzed similarly. These isotherms 
were reduced, as before, to a composite isotherm, 
shown in Fig. 6, by application of the appropriate time 
scale factors. Again the experimental isotherm is in 
good agreement with the calculated “‘volume”’ iso- 
therm. Values of the logarithm of J calculated from 
these data are also plotted against 1/7(AT)? in Fig. 5. 
It is seen that the linear relation for this dispersion 
nearly coincides with that for the smaller particle size 
dispersion 17-A. In view of the uncertainty in D the 
closeness to coincidence in this case is fortuitous but, 
since D* differs by a factor of 13.5 in the two dispersions, 
we are justified in concluding that the nucleation 
frequency is proportional to droplet volume rather 
than to droplet area. From the straight line relation 
in Fig. 5 we have evaluated the parameters A, and 
a, in Eqs. (5) and (5c), and listed the values in Table I. 


n-Octadecane 


Typical results of continuous cooling-heating experi- 
ments on one of the dispersions, 18-5, of this hydro- 


carbon are shown in Fig. 7. There is no evidence from 
these experiments of a solid state transformation in 
n-octadecane. However, just as for n-heptadecane, the 
dispersions seem to consist of two components [com- 
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Fic. 5. Variation of logJ with 1/T(AT)? for n-heptadecane 
dispersions 17-A and 17-B. I represents the nucleation frequency 
per unit volume and AT the undercooling. The constants which 
describe the curve are given in Table I. 
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pare cycles (a) and (b) ] differentiated by their melting- 
freezing behavior. The proportion « of the sharply 
melting component, which melts over essentially the 
same temperature range (27.9-28.2°C) as the pure 
bulk hydrocarbon, is about the same as in n-hepta- 
decane. 

A set of isotherms was obtained for each of two n- 
octadecane dispersions, 18-B and 18-E, having quite 
different droplet size ranges. The composite experi- 
mental isotherms for the two dispersions are displayed 
in Figs. 8 and 9 along with the corresponding ‘‘volume” 
isotherm calculated as before. For both dispersions 
there is fair agreement between the experimental and 
calculated “volume” isotherms. Nucleation frequencies 
per unit volume were obtained as before and their 
logarithms vary linearly with 1/T(AT)* for each 
dispersion, as shown in Fig. 10. The straight line for the 
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Fic. 7. Course of dilatometer readings in two continuous 
cooling-heating cycles [(a) and (b)] for n-octadecane dispersion 
18-B. 
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coarser dispersion 18-E lies higher, by a factor of 2.0 
in J, than that for the fine dispersion, but this displace- 
ment is within the range of the estimated uncertainty 
from the droplet size measurements. 

To obtain additional information on the variation of 
droplet nucleation frequency with droplet size we deter- 
mined single isotherms at 15.26°C and the droplet size 
distribution for each of three additional (18-A, 18-C, 
18-D) n-octadecane dispersions. The mean droplet 
nucleation frequencies kp at 15.26°C for all five n- 
octadecane dispersions are plotted against D? and D* 
in Fig. 11. Although the data scatter considerably, it is 
evident that they are described by a kp « D* relation 
(corresponding to the good straight line through the 
origin) and not by a kp « D? relation. 

We show in Fig. 10 a resultant logJ vs [T(AT)?}" 
relation obtained by shifting the two straight lines for 
dispersions 18-B and 18-E by amounts which correspond 
to the displacement of the kp values for these disper- 
sions from the kp vs D® line in Fig. 11. The parameters 
o and K, for n-octadecane evaluated from the constants 
of the resultant line are given in Table I. The tempera- 
ture coefficient of the crystal nucleation rate in n- 
octadecane is also very large, being about 7500 per 
degree. 


n-Tetracosane 


We investigated only a single dispersion, 24-A, of 
this hydrocarbon. The results of typical cooling-heating 
experiments are shown in Fig. 12. It is evident that the 
solid-state transformation behavior is quite complex 
and to interpret it we must suppose that three crystal- 
line phases appear. A phase 8 forms in the freez- 
ing [see cycle (a) ] at an undercooling of 13°, 
probably as a result of direct nucleation from the 
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TABLE I. Summary of constants [see Eq. (5) ] which describe crystal nucleation frequency in some normal alkane liquids. » is the 
relative temperature, in units of the absolute melting temperature, at which the nucleation frequency has the value 10’ cm~* sec™?. For 
n-hexadecane and n-dotriacontane, \ was crudely estimated from the results of continuous cooling and heatingLexperiments. A.P.I. 


means American Petroleum Institute. 











Hydrocarbon Formula Source of hydrocarbon 


o ergs cm? 


Log K, 


Exptl. Calc.* 1—\ (1—A) NT mn! 





Ci7His 
CisHis 
CuHso 


n-heptadecane Penn State-A.P.I. (high purity) 


n-octadecane Penn State-A.P.I. (high purity) 
n-tetracosane CP-recrystallized 
CHa 


CioHes 


n-hexadecane CP 


n-dotriacontane CP-recrystallized 





Ue 30.52 0.042 208 


0.043 220 
0.0370 .002 


0.041+0.004 


9.64 31.3542 


8.2 24+4 212 


0.042+0.005 





® Calculation based on assumption that segment transported in elementary nucleation step contains two carbon’ atoms. 


Becomes 9.3 if calculated using value of K, which holds for n-octadecane. 
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Fic. 8. Composite isotherm for 
n-octadecane dispersion 18-B. 
Symbols are as in Fig. 4. 
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liquid. This phase transforms" at 47-48°C to a phase 
a, which melts at 50-51°. When the phase a is cooled 
[cycle (b)_] to a temperature 39°C, 8° below the 
a— transformation temperature, it transforms to the 
third phase y. This phase reverts back to a when 
warmed to 43—45°C. 

In n-tetracosane the melting range is broadened 
considerably by the greater amount of impurity; 
therefore, it was not possible to estimate x by the pro- 
cedure used for the higher purity Cy and Cis hydro- 
carbons. However, there is evidence for two freezing 
ranges, and we set 1—« equal to the proportion of 


4 See J. D. Hoffman and B. F. Decker, J. Phys. Chem. 57, 520 
(1953), for discussion of this phase change. 
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hydrocarbon that crystallized below 36.7°C in our 
continuous cooling experiments (see Fig. 12). 

A set of isotherms was obtained and reduced to the 
composite isotherm, shown in Fig. 13, by application 
of the time scale factors given. It is seen that the 
composite isotherm is in close agreement with the 
volume isotherm calculated from the droplet size 
distribution of the volume. The nucleation frequency 
per unit volume was calculated as before, and the 
variation of its logarithm with 1/T(AT)? is shown in 
Fig. 14. Since the 8 phase apparently nucleates di- 
rectly, the undercooling AT was calculated with refer- 
ence to the thermodynamic crystallization temperature 
of the 8, 7°, which was estimated from the thermal 
data given by Hoffman and Decker.'* The parameters 
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o and K, for n-tetracosane, obtained as before, are 
given in the table. 


n-Dotriacontane and n-Hexadecane 


Our samples of these hydrocarbons were the least 
pure of any we investigated and we limited our experi- 
ments on them to the determination of their transfor- 
mation behavior in continuous cooling-heating cycles. 
We found that the freezing range of a n-hexadecane 
dispersion, in which the droplet diameters were 1 to 
10 uw, was about 12° below the melting range. The 
n-dotriacontane dispersion (droplet diameters in the 
range 1-10u) exhibited a 8—a transition at 63-65%. 


Melting of the @ occurred at 68.5-70°. Crystallization 
of the liquid to the 8 phase took place at 53°, which is 
10-12° below the 8—a transition temperature and 14- 
15° below the melting temperature of 8 estimated 
from Hoffman and Decker’s" data. 


DISCUSSION 


Test of Nucleation Theory 


One test of nucleation theory would be provided by 
the comparison between the values of the parameter 
o and the corresponding liquid-crystal interfacial 
tensions ozs. On the basis of the classical nucleation 
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Fic. 10. Variation of log/ with 
1/T(AT)* for n-octadecane disper 
sions 18-B and 18-E. The dashed 
curve is the resultant relation ob- 
tained by shifting the two straight 
lines for 18-B and 18-E by amounts 
which correspond to the displacement 
of the kp values for these dispersions 
from the kp vs D®* line in Fig. 11. 
The constants which describe the 
dashed curve are given in Table I. 


The symbols are the same as in Fig. 5. 
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Fic. 11. Variation of kp with D? and with D® at 15.26°C 
(AT=12.79) for n-octadecane dispersions. kp is the nucleation 
frequency per droplet of diameter D. The results are consistent 
with Eq. (4a) based on volume nucleation, but not with Eq. 
(4b) based on surface nucleation. 


theory as modified by Cahn and Hilliard’s considera- 
tions on the effects of the possible diffuseness of the 
interface, it is expected that ors constitutes an upper 
limit to the possible values of o. Actually there seem 
to be no experimental determinations of os for any of 
the hydrocarbons tested. 

Another test of nucleation theory which we actually 
can make with our present information is to compare 
the experimental values of K, with those calculated 
from Eqs. (5a) and (5b), which are based on nucleation 
theory. To make this calculation, it is necessary to make 
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some assumption about the size of the molecular 
segment which is transported in the elementary nuclea- 
tion step. We have assumed, in line with the arguments 
of Douglass and McCall’* concerning the mechanism 
of self-diffusion in the liquid hydrocarbons, that this 
segment contains two carbon atoms. We also suppose 
that the rate constant D’ governing the movement 
of[this segment is of the same order of magnitude as 
the self-diffusion coefficient of a molecule of similar 
size in the undercooled hydrocarbon, that is, D’~10~ 
cm? sec™. In summary, the numbers used to calculate 
the K, values which appear in the table are the follow- 
ing: 

n=1.66X 10” segments per cm? 


v=6.03X 10~*8 cm* per segment 
ao? = 10-* cm? 
D’=10~ cm? sec". 


Had we assumed no segmental behavior and substituted 
for these parameters the values for the molecule as a 
whole, we would have calculated AK, values about two 
orders of magnitude smaller, i.e., ~10* cm™ sect. 

Whatever assumption is made about the segment 
length it is evident that, for the two hydrocarbons 
of highest purity, there is excellent agreement between 
the experimental K, and that calculated from nuclea- 
tion theory. This agreement is much closer than that 
found in the investigation of mercury.” 

For the less pure hydrocarbon, m-tetracosane, the 
deviation between the experimental and calculated 
K, is considerable. This deviation may be a result of im- 
purity effects, but just what these might be we do not 
know at present. 


! 


melting of a 


Fic. 12. Course of dilatometer read- 
ings in two continuous cooling-heating 
cycles [(a) and (b)] for n-tetracosane 
dispersion 24-4. a, 8 and y represent 
solid phases. 
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Fic. 13. Composite isotherm for 
n-tetracosane dispersion 24-A. Sym- 
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It was pointed out that, excepting for chain end 
effects, ¢ ought to be constant within any given (even 
or odd) hydrocarbon series. We have only the value, 
o=7.2 erg/cm*, for a single member of the odd series. 
The value for the high purity member of the even 
series is ¢=9.6 erg/cm?. This is somewhat larger than 
the nominal value o=8.2 erg/cm? for the less pure n- 
tetracosane. However, the value for n-tetracosane 
becomes 9.3 erg/cm?, in excellent agreement with that 
for n-octadecane when calculated with the value of 
K,, 104 cm sec“, which holds for n-octadecane. 


Glass-Forming Tendency in n-Alkanes and 
Linear Polymers 


Also listed in Table I are the relative undercoolings 
1—A (ie., the undercooling in units of the melting 
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Fic. 14. Variation of logZ with 1/T(AT)? for n-tetracosane 
dispersion 24-4. The constants which describe the curve are 
given in Table I. Symbols are as in Fig. 5. 


temperature) at which the crystal nucleation fre- 
quency in the various hydrocarbons has the particular 
value, J-= 10" cm~ sec—!. The values given for the high 
purity compounds, Cy;Hy and CigH3g, should be quite 
precise, but the value for C4Hgo could be in error by as 


much as 5-10% because of the uncertainty in the 


melting temperature of the 6 phase. Also, for m-hexa- 
decane and n-dotriacontane the values of 1—\ are 
probably correct only in order of magnitude since they 
could only be estimated from continuous cooling-heat- 
ing experiments and qualitative observations on the 
droplet sizes. 

In any event, in accord with the considerations of 
Turnbull and Cohen® on nucleation of molecular seg- 
ments, the relative undercoolings in the n-alkanes are 
all very small; they are about 0.04, which is almost an 
order of magnitude less than the values for the simple 
molecular substances investigated by Stavely and 
associates.°* A further prediction of Turnbull and 
Cohen’ is that, insofar as chain end effects are negligible 
and the segment transport rate is constant, the quan- 
tity (1—A)A'7,,! given in the last column of Table I 
should be constant for a given series. The values for 
n-octadecane and n-tetracosane are in excellent agree- 
ment, but this agreement may be somewhat fortuitous 
in view of the uncertainty in the melting temperature 
of the 6-phase of n-tetracosane. 

The difficulty of forming glasses of the n-alkanes is 
caused by the small relative undercooling. Because of 
this, the reduced temperature r’ at which homogeneous 
nucleation becomes appreciable will be far above the 
glass transition temperature even though the reduced 
thermodynamic crystallization temperature is rela- 
tively low. 





KINETICS OF 


Since the rate constant D’ for segment transport 
should decrease with increasing chain length, we expect 
that the parameter B in Eq. (6) will increase slowly 
with chain length. Even so, the relative undercooling 
for appreciable nucleation of the higher molecular 
weight members of the n-alkanes series, including the 
polymeric members, should be quite small. No observa- 
tions seem to have been published on the crystalliza- 
tion behavior of linear polyethylene in droplet form. 
However, Mandelkern and Quinn” have reported that 
the crystal nucleation frequency in the bulk form of 
this polymer becomes very large at only a few degrees 
undercooling. 

From the considerations of Turnbull and Cohen it is 
expected that the relative undercooling required for 
appreciable crystal nucleation should be quite small in 
any linear polymer. Yet there are several examples of 
polymers, presumably linear, which can be under- 
cooled to glasses. In some of these instances, glass forma- 
tion can be attributed to a thermodynamic crystalliza- 
tion temperature which is so low that it is at or very 
near the glass transition temperature. 

We presume that the segments which enter into the 
nucleus must be at least as long as is the unit cell. If 
this is so, the probability of nucleation would be smaller, 
corresponding to a larger value of B in Eq. (6), as the 
unit cell is larger. It is possible that Price’s observa- 


“L. Mandelkern and F. A. Quinn (unpublished). 
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tion'* of glass formation in droplets of linear polyethy- 
lene oxide, in which the glass transition temperature is 
far below T;,, may be partly explained by the relatively 
long (seven atoms) unit cell of this material. 
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A number of complexes between the alkali halides and the divalent halides of the iron group metals have 
been observed. They are all characterized by a very large rotational magnetic moment of the order of 50 
nuclear magnetons for the rotational state of most probable J. The dissociation energies at a temperature of 
about 1020°K of the two complexes, KCIFeCl, and CsClFeCle, have been found to be 34.7+1.0 and 24.74+1.0 
kcalM-, respectively. The data from which these results were found were obtained by measuring the rela- 
tive concentrations of the alkali halide and the complex as a function of temperature while the partial pres- 
sure of FeCl, remained essentially constant. The large difference in the magnetic moments of the two 
detectable molecular species allows the determination of the relative concentration with considerable 


accuracy. 


INTRODUCTION 


HEN certain alkali halides (MX) are heated in 

an oven with the divalent halide of an iron group 
metal (M’X>,), the beam that issues from the slit of 
the oven consists of MX (as well as its polymers), 
M’X2 and a complex MXM’X». Only the molecular 
species containing M are detectable on the usual hot 
tungsten wire, and of these species MXM’X,z is the 
dominant one.! The relative abundances of the detect- 
able species can readily be determined through the 
fact that the complex is characterized by a large rota- 
tional magnetic moment, and is readily deflected in an 
inhomogeneous magnetic field, while the alkali halide 
has a very small magnetic moment and is relatively 
slightly deflected. The fact that the complex is stoichio- 
metrically as described has been demonstrated! for 
KClFeCly. by a velocity analysis of a molecular beam 
containing the species in question. 

In the present paper the observation of several 
previously unreported molecular complexes of the indi- 
cated type, with similar properties, is reported to- 
gether with a measurement of the dissociation energies 
of KCIFeCl, and CsClFeClo. The important experi- 
mental data are the deflection properties of a beam in 
an inhomogeneous magnetic field. 


DEFLECTION THEORY 


The theory of the deflection of molecules with a rota- 
tional g value, gy, has been previously discussed.! The 
relevant results are here given. The image of the beam 
in the plane of the detector is ideally a trapezoid; as 
usual, we approximate the trapezoidal beam with a 
rectangular beam of width 2), of the same area as the 
trapezoidal beam and the same intensity at half-width. 
A detector of width 2d (2d<2b) is centrally placed 
within the beam image. A particle of mass m leaves the 

+ Work supported in part by a contract with the U. S. Air 
Force, monitored by the Air Force Office of Scientific Research 
of the Air Research and Development Command, and in part by 
a joint service contract with the U. S. Army Signal Corps, the 
Office of Naval Research, and the Air Force Office of Scientific 
Research. 

1P. Kusch, J. Chem. Phys. 22, 1203 (1954). 


slit in an oven at temperature 7. The particle with the 
most probable velocity a in the oven, a=(2k7T/m)! 
suffers a deflection at the detector 


Sa=(0H/02) unG/4kT = yyi, (1) 


where d///dz is the gradient of the magnetic field per- 
pendicular to the plane of the beam, G is a geometrical 
factor, and yp is the magnetic moment of the particle in 
units of the nuclear magneton uy; (0H /dz) is propor- 
tional to H and hence to the current in the coil of the 
magnet that produces the inhomogeneous field so that 
y, for a particular apparatus and oven temperature, is 
a known quantity. Two approximate models (a) and 
(b) are assumed to develop deflection formulas ap- 
propriate to a molecule with a rotational g value. (a) 
We assume that a diatomic molecule with a rotational 
g value gy is deflected. The distribution of molecules 
among the J states is determined through the quantity 
a where 
a=)? /8rAkT 


and A is the moment of inertia. The most probable 
value of J, J is V2/2a and the maximum value of the 
magnetic moment in the state of J is 2=g,J. The in- 
tensity of the detector is then given by 
p=l /Ty=m'[4dp(b+d) ] 1 
X {4bd— (b6+d)*Lf(p) —B-*f(Bp) J}, (2) 
where p= yfii/[V2(b+d) ] 
B=(b+d)/(b—d), 
f(p) ={1—®(p) } exp(p*) 
@(p) is the error function, and 
I is the intensity for 7=0. 
(b) We assume that the molecule is spherical, i.e., that 
the moment of inertia about any axis through the center 
of mass is equal. All levels with the same J but different 
K coincide. We also assume that the magnetic moment 


about any axis through the center of mass is the same. 
a is defined as before and the most probable value of 
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J, J=1/a; 7 is as before, 
p=I/To=3((1+b/d)f(p) + (1—6/d)f(Bp) J, (3) 


where p=~yjii/2(b+d), and all other terms are as be- 
fore. 

In the cases under discussion there are two detect- 
able species of molecule, the complex, with a large 
rotational magnetic moment, and the alkali halide, 
whose effective moment is principally contributed by 
the nuclear moments. Jo is the intensity of the complex 
at i=0, J that of the complex at arbitrary i, I’ that of 
the alkali halide at i=0 and J” that of the alkali halide 
at arbitrary 7. The quantity J”’/I’ = can be determined 
in a separate experiment. In the present work the low- 
est value of @ for the halide with the biggest nuclear 
moments CsCl at any field at which observations were 
made was 0.83. The value of I/I» however, is less than 
0.1 at the same fields. We are interested in determining 
k=I'/To from the observed quantity 


o=(I+1")/(Iot I’) =(p+ok)/1+k). (4) 


The problem of finding both k and @ is then the 
essentially arithmetic one of getting a good fit of the 
experimental curve of o vs 7 with a theoretical curve 
whose parameters are 7 and k. It is not possible to ob- 
tain gy without knowledge of the moment of inertia of 
the molecule. In view of the crudeness of the assump- 
tions (a) and (b), @ is only an estimate. Nevertheless 
it is possible to get! excellent fits of experimental data 
to the expressions just derived with the adjustment of 
the two parameters. The value of & obtained from a 
given set of experimental data does not depend sig- 
nificantly on the choice of model (a) or (b); indeed, 
the discrepancy between the result of the two models 
is no greater than that obtained when two independent 
fits of a curve are made by use of the same model. 


DEFLECTION APPARATUS 


Two different molecular beam deflection machines 
were used in this study. The first of these has been 
previously described? and has been used in earlier! 
studies of these complexes. It is essentially designed as 
an apparatus for studying nuclear resonances in mole- 
cules. In it are incorporated the usual A and B deflect- 
ing magnets that are essential to such an apparatus. 
Only one of these magnets is used in the present work, 
and the apparatus is thus needlessly long. Further, the 
deflecting power of the magnets is so great that the 
beams here studied are strongly deflected by residual 
fields in the magnets and the problem of demagnetiza- 
tion becomes serious. For the careful study of the 
present systems this apparatus is thus somewhat un- 
satisfactory. 

The apparatus used in the determination of the dis- 
sociation energies is designed as a deflection apparatus 


2H. Taub and P. Kusch, Phys. Rev. 75, 1481 (1949); R. A. 
Logan, R. E. Cote, and P. Kusch, ibid. 86, 280 (1952). 
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only, and cannot be used for radio frequency spec- 
troscopy. The ratio of gradient to field has been re- 
duced, as compared to the earlier apparatus by a 
factor of about 2. The magnet gap is greater by a 
factor of 1.8 and these two factors greatly reduce the 
problem of demagnetization. The collimating slit is 
held fixed at a predetermined position within the gap 
of the deflecting field; this feature makes it possible to 
place the beam at a known and reproducible position 
in the gap with an improved precision. While the value 
of the magnetic field gradient along a particular tra- 
jectory in terms of the current in the field coils is not 
accurately known (it could, in principle, be deter- 
mined from an observation of the zero moment peaks 
of In in the ?P; state, for example), experimental 
conditions are reproducible from run to run. 

A conventional hot tungsten wire detector was used 
in all experiments, and the surface of the wire was 
oxidized when the alkali to be detected was Li or Na. 
The intensity of the detected beam (MX+MXM’X2) 
was quite independent of variations in the tempera- 
ture of the filament around the operating point. 


Ovens 


Two types of ovens were used. The conventional 
single-chamber model, used in the observation of the 
existence of the complexes and in a measurement of 
their rotational magnetic moments, was made of iron 
in the study of Fe and Co salts and of nickel in the 
study of Ni salts. This oven is essentially an isothermal 
unit and does not allow an independent variation of 
pressure and temperature. Such a variation was 
necessary in the study of the reaction of MX and 
M’X, with the limited data on relative concentrations 
that can be obtained by the present methods. Ac- 
cordingly a double-chamber oven, similar, in principle, 
to one previously described* but of simpler construc- 
tion, was used in the determination of dissociation 
energies. The two chambers were made of oxygen-free, 
high-conductivity copper and connected together by a 
nickel tube. A massive copper shield attached to the 
upper chamber surrounded the connecting tube within 
about 1 mm of the lower chamber. It was thus assured 
that the temperature of the tube was everywhere 
intermediate to that of the upper and lower chambers. 
If the mean free path of the molecules in the gas is 
small compared to the characteristic dimensions of 
the tube, the pressure in the upper and lower chambers 
is the same. In that case the temperature 7; of the 
lower oven, which contains the sample, determines the 
pressure everywhere, while the temperature 72(T.> 
T;) of the upper chamber determines the temperature 
of the gas under study. It is thus possible, for example, 
to maintain a constant total pressure while varying the 
temperature over a considerable range. In our experi- 
ments the pressure was sufficiently high so that the 


*R.C. Miller and P. Kusch, J. Chem. Phys. 25, 860 (1956). 
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condition on the mean free path described above was 
substantially satisfied. 

The temperatures were measured by use of chromel- 
alumel thermocouples peened into each of the two 
chambers. Manual monitoring of the current in the 
oven heaters maintained the temperatures of the lower 
and upper ovens constant to within about +0.3 and 
+1.0°, respectively. These fluctuations had no sig- 
nificant effect on the results of the experiment. 

All salts used in the present work were of reagent 
grade. The halides of the iron group were dehydrated 
by gentle heating under vacuum until the evolution of 
water vapor ceased. The two salts were then weighed 
in the desired proportion, intimately ground together, 
and charged into the oven. 


DISSOCIATION ENERGIES. METHOD 


We have a method of finding &, the relative numbers 
of molecules of the alkali halide and of the complex 
that strike the detector wire per unit time after they 
issue from the upper chamber at a temperature 7». 
This is, except for a fixed constant, the ratio of the 
pressures of the two species within the upper chamber, 
and except for another fixed constant, the ratio of the 
concentrations in the chamber. If we were able to de- 
termine the pressure (or the concentration) of FeCl, 
in the chamber, as well as k, as a function of 72, the 
enthalpy (or energy of dissociation) of the reaction 
could be found by the usual methods. 

In the pure phase the vapor pressure of FeCl: is 
much greater than that of KCl. Other vapor pressure 
data® indicate that the vapor pressures of all the 
alkali halides, in particular CsCl, are much less than 
that of FeCle. Further, our measurements of & indicate 
that the complex, though more abundant than the 
alkali halide under the conditions most favorable to 
the formation of the complex (72:=7;), is still much 
less abundant than FeCl... At our value of 7; two dis- 
tinct phases, one a liquid containing both KCl and 
FeCl: and the other a pure solid phase of FeCl: occur‘ 
when KCI is heated with a sufficient excess of FeCle, 
and FeCl, is then the strongly dominant species in the 
vapor. Even when the two phases do not exist, the 
vapor pressure of FeCl, far exceeds‘ that of any other 
component when FeCl, is in strong excess. 

Suppose that 7; is sufficiently high so that the vapor 
pressure in the lower chamber is also the pressure in 
the upper chamber. If 7, is now varied, k will also 
vary. However, since FeCl, is strongly dominant, the 
partial pressure of FeCl. is not significantly modified 
by the fact that the complex is more heavily dissociated 
in the upper chamber of 7, than in the lower chamber 
at 7;. The equilibrium constant K, is then 


K,=kX constant, (5a) 


*C, Beusman, Oak Ridge Natl. Lab. Rept. ORNL-2323 (1957). 
5G. E. Cogin and G. E. Kimball, J. Chem. Phys. 16, 1035 
1948) 
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and the equilibrium constant K, is 


K.=kT>"X constant’. (5b) 


Application of the usual equations at once allows the 
determination of AE from a plot of log(k/T2) vs 
Ts" and of AH from a plot of logk vs Ts". 

Dimers of both FeCl, and of KCl are known to 
occur.*-* In our experiments 7 was always sufficiently 
greater than 7; so that the dimers were largely dis- 
sociated and their occurrence had no significant effect 
on our results. 

The total pressure in the ovens in the present work 
was of the order of 1 mm Hg. A rough estimate indi- 
cates that the molecular mean free path was much less 
than any dimension of the connecting tube between 
the two chambers. Further, a previous experiment’ on 
an alkali halide (LiBr) in a similar oven, where the 
results had a considerable sensitivity to a lack of pres- 
sure equilibrium between the two chambers, indicated 
that such equilibrium was closely approached when 
the total pressure was about 0.5 mm Hg. It should be 
noted that the pressure ratio, p2/p; must lie between 
(T,/T2)+ and 1 where T.>7;. In the limiting case 
where the mean free path is very long and free molecu- 
lar flow occurs between the two chambers, the error 
introduced into AE by the assumption of pressure 
equilibrium is only 1 kcal M~'. For any reasonable 
departures from pressure equilibrium, the error intro- 
duced into AE by the assumption of equilibrium will 
be trivial. 

The relative detection efficiency of the detector wire 
must, of course, remain constant throughout a series of 
measurements. It has been shown’ that the relative 
detection efficiencies of the polymers of LiCl is unaf- 
fected by the over-all detection efficiency of the wire. 
In the present work the values of k were readily re- 
produced for a fixed 7; when measurements were made 
for T2, To’, T.’’+++ and then again for T. In addition 
measurements of k were closely reproduced in measure- 
ments on two successive days at the same 7; and T». 


GENERAL PROPERTIES OF THE COMPLEXES 


A previous report! showed that both KCIFeCl, and 
KBrFeBr. have large rotational magnetic moments. 
With the diatomic model of the molecule, it was found 
that @ was 72 nm for KClFeCl, and 46 nm for 
KBrFeBry. It is independent of any assumption about 
the molecular configuration and dimensions except 
that the molecule may be approximated as a diatomic 
molecule. 

Several further experiments have been carried out on 
other complexes. Approximately equimolar proportions 
of KCl and FeCl. were heated in a single chamber iron 
oven and a value of @=59 nm for the complex was 
found. It should be noted that there is a considerable 


®R. C. Schoonmaker and R. F. Porter, J. Chem. Phys. 29, 116 
(1958). 
7 P. Kusch, J. Chem. Phys. 28, 1075 (1958). 
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uncertainty in all values of @, both because the exact 
path of traverse of the beam through the inhomogene- 
ous field was not known, and also because the deter- 
mination of the field in the magnet in terms of the 
current in the magnetizing coils is subject to consider- 
able uncertainty. Further, the calculation of @ is sensi- 
tively dependent on the width of the undeflected beam 
2b, in our experiments in the range from 6 to 9X10-% 
cm, and not measurable with a high degree of precision. 
That part of the beam width contributed by lack of 
parallelism between oven slit, collimating slit, and de- 
tector, as well as that contributed by scattering of the 
beam, would have a somewhat different effect than the 
ideal image considered in the development of the 
earlier equations. A considerable error may, therefore, 
be introduced in the determination of @ from an un- 
certainty in 2. Equimolar proportions of NaCl and 
FeCl, were heated in a single chamber iron oven and a 
value of @ was found for the complex, identical to that 
found for KCIFeCly. The equivalence of the two values 
is more significant than their values. The constants k 
that characterize the two systems are also approxi- 
mately equal for a beam effusing from a chamber at 
the same temperature as that at which equilibrium 
between gas and melt has been established. In both 
cases the complex is the heavily dominant component 
of the detectable beam. When about 60 mole % of 
LiCl was heated in an iron oven with FeCls, the re- 
sulting complex was found to have 7@=70 nm. The k 
value appears to be somewhat higher than for the 
other complexes just described. It should be noted, 
however, that LiCl is itself so heavily dimerized*® that 
an important component of the vapor, over a large 
range of experimental conditions, is the dimer. It has 
also been reported‘ that several kinds of complexes of 


oa KCI FeCin, T, + 133 °K pp 45.8, &*2.17 


eee ca citeciy, Tp itiemiin or 


=—CSCiFeCiy, Tp*935°K fi*53.4, k 0.09 
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KCIFeCl, ar *936°K f*62.5, k* 0.04 
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Fic. 1. Deflection curves for the KCl-FeCl, system and for the 
CsCl-FeChk system. The quantities @ and k are adjustable param- 
eters required to fit the theoretical curve to the experimental 
points. 
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Taste I. Data for the system KC]l—FeCk. Composition 
charge =80 mole% FeCle. 7; monitored at 850°K. 


of the 


LiCl and FeCl, exist. A thermodynamic study of the 
LiCl-FeCl, system is, therefore, difficult and the only 
value in our observation of the complex is to note that 
one exists. 

Approximately equimolar proportions of KCl and 
NiCl, were heated in a single-chamber nickel oven. The 
properties of the system were closely similar to those of 
the complex that results from KCl and FeCl. When 
KCl and NiCl. were heated in an iron oven, the be- 
havior of the system was indistinguishable from its 
behavior when a nickel oven was used. KCl and CoCl. 
heated in an iron oven also yielded a complex with 
properties similar to those of the KCl-FeCl, complex. 
It is not, of course, certain that an exchange between 
the Co in CoCl, and the iron in the oven did not occur. 

Elsewhere in this paper, the determination of the 
energies of dissociation of KCIFeCl, and CsClFeCls is 
discussed. Incidental to this determination an extended 
body of data has been obtained on the value of @ for 
these molecules. For KClFeCl,, @=64 nm and for 
CsClFeCl,, Z=51 nm. We believe that the difference is 
a real one. 

In the absence of more detailed data on the proper- 
ties of the divalent halides of the iron group elements 
it is not possible to make an interpretation of the ob- 
served values of f@. It is, however, of interest to note 
that all beams that have been produced by heating an 
alkali halide with a divalent halide of the iron group 
elements contain as the dominant detectable compo- 
nent a complex with a very large rotational g value. 


DISSOCIATION ENERGIES. RESULTS 


The energies of dissociation have been measured for 
only two complexes, KCIFeCl, and CsClFeCl:. In Fig. 1 
are shown two deflection curves for each of the com- 
plexes; the values of the adjustable constants are shown. 
For both CsCl and KCl a separate deflection curve was 
observed for the pure salt to find ¢. The observed @ 
was somewhat greater than that calculated from the 
nuclear moments of the constituent atoms. A part of 
the discrepancy can be ascribed to a small shift of the 
collimating slit by stresses introduced when the mag- 
net was excited. Whereas the assumption that ¢=1 
introduces a significant error in k, it introduces a much 
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TABLE II. Data for the system CsCl—FeCh. Composition of the 
charge=80 mole®% FeCls. T; monitored at 881°K. 


k 


935 
992 
1040 
1088 


1136 


smaller error in the slope of logk and @ need not, 
therefore, be critically determined. It is to be noted 
that the values of 72 are very nearly the same for the 
two complexes but that k has changed much more over 
the temperature interval for the KC] complex than for 
the CsCl complex. This at once indicates a consider- 
ably greater dissociation energy for the KC] complex 
and emphasizes the fact that the difference of about 10 
kcal M~ leads to a readily identified physical effect. 

Tables I and II give the data of the experiment. 
Each line represents several individual observations of 
the deflection curve at the stated conditions. The value 
of @ shows a considerable variation but not an unex- 
pected one in view of the uncertainties in the knowledge 
of all constants which enter into its determination. It 
seems probable that Z is less for the CsCl complex than 
for the KCl complex. Because the mass of Cs is greater 
than that of K, it is probable that the moment of 
inertia of the CsCl complex is greater than that of the 
KCl complex and hence the gy, value of the CsCl com- 
plex is rather considerably less than that of the KCl 
complex. 

In Fig. 2 the lines are plotted relating 2+logk and 
Ts". The fact that the points lie along straight lines 
contributes to the justification of the validity of the 
several ssumptions here made. Only the point of lowest 
k, at T2=936°K, for the KCl complex deviates badly 
from the straight line. The values of k are most ac- 
curately found when & is about 1. When either the 
alkali halide or the complex has a low abundance 
(kK1, or k>>1), the fractional uncertainty in k is 
relatively large. Accordingly we have not used the k of 
the KCI-FeCl. system at 7,=936° in further calcula- 
tion. The resulting least-squares fit is shown by the 
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Fic. 2. A plot of 2+logk vs 1000 7,~! for two complexes. The 
enthalpy of the reaction is found from the slopes of the straight 
lines. 


straight lines in Fig. 2. We find 

AE(KCIFeCl,) = 34.7 kcal M~! [at T~1020°K ] 
and 

AE(CsClFeClz) = 24.7 kcal M~ [at T~1020°K ], 


where the statistical uncertainty in the values of AE 
are in each case 0.2 kcal M-'. Two other runs on the 
KCl complex at different 7; yield values of AE that 
agree with these values within the statistical errors 
(which were less for the runs described in Table I than 
for the two runs where the data are not given). In one of 
these cases the propertions of KCl and FeC}, in the oven 
were such that only a single phase, the solution of KCI 
in FeCl, occurred. The agreement of the values of AZ in 
this case and the one in which two phases were present, 
suggests that the vapor pressure of FeCl, over the 
solution is high enough to meet the assumptions 
underlying the analysis. It seems to us that the sta- 
tistical uncertainty gives an excessively optimistic 
estimate of the uncertainty of the result, and we give 
as a more realistic estimate +1.0 kcal M~, in both 
cases, in view of the numerous assumptions about the 
system that may not have been entirely met. 

The present method of determining dissociation 
energies is not, of course, generally applicable. It does 
indicate how a special differential property of several 
molecular species may allow the study of the kinetics 
of reaction between them. 
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The perturbation theory expressions for the diamagnetic susceptibility and nuclear magnetic shielding 
constants of atoms and molecules may be written as sums of ground state and excited state terms. The 
effects of truncations in the evaluation of the excited state terms are studied through a specially contrived 
application of these expressions to the hydrogen atom. When the origin of the vector potential is taken 
1.4a9 away from the proton, computations of both properties show that the excited state part is comparable 
with the ground state part, that the continuum excited states contribute about as much as the discrete ex- 
cited states, and that the first excited discrete state accounts for about a third of the whole excited- 
state contribution. The inference is made, for molecules, that truncation of conventional perturbation 
formulas by omission of continuum contributions will result in major errors and a dependence of computed 
properties on the origin taken for the vector potential. The average excited state energy required to make a 
correct sum rule estimate of the excited state part of the nuclear magnetic shielding constant of the hydrogen 
atom is calculated, and it is shown to depend strongly on the distance of the shielded position from the 


proton. 





I. INTRODUCTION 


UANTUM mechanical perturbation theory has 
been used by Van Vleck! and Ramsey” to derive 
expressions for the diamagnetic susceptibility x and 
nuclear magnetic shielding constants oy of atoms and 
molecules.’ The expressions may be written as the sum 
of a ground state (diamagnetic) part and an excited 
state (paramagnetic) part. In computations on mole- 
cules, the evaluation of the excited state part is a major 
obstacle, since the actual eigenfunctions are required 
for all discrete and continuum excited electronic states. 
The evaluation of the ground state part requires only 
the ground state eigenfunction and is thus relatively 
simple. In practice, one uses approximations to the 
electronic eigenfunctions of the unperturbed molecule. 
In addition one is forced to truncate the evaluation of 
the excited state part: one neglects the contribution of 
all continuum states and most excited discrete state 
functions. These expedients can produce errors in com- 
puted properties and cause them to depend on the 
choice of origin for the vector potential. A satisfactory 
computational procedure should give values for these 
molecular properties which are independent of the 
origin taken for the vector potential. This independence 
has been demonstrated by Van Vleck! for his perturba- 
* Based on part of a thesis submitted by L. C. Snyder in partial 
fulfillment of the requirements for the degree of Doctor of Phi 
losophy, Carnegie Institute of Technology, 1959. 

+ Presented in part at the Symposium on Molecular Structure 
and Spectroscopy, the Ohio State University, June 15-19, 1959. 
Supported in part by a research grant from the National Science 
Foundation. 

t Present address: Bell Telephone Laboratories, Inc., Murray 
Hill, New Jersey. 

§ National Science Foundation Predoctoral Fellow, 1953-1954, 
1956-1958. 

Alfred P. Sloan Fellow, 1956-1960. 

1J. H. Van Vleck, The Theory of Electric and Magnetic Sus- 
ceptibilities (Oxford University Press, New York, 1932). 

2N. F. Ramsey, Phys. Rev. 78, 699 (1950); 86, 243 (1952). 


3 For a recent review, see M. Karplus, Revs. Modern Phys. 32, 
455 (1960). 
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tion theory based expression for x, and it may be as- 
sumed for Ramsey’s expression for ow. 

In this study, the complexities of computation of 
these magnetic properties for molecules are deliberately 
made to occur for the hydrogen atom by choosing the 
origin of the vector potential off the proton. A complete 
set of eigenfunctions is available for the hydrogen atom, 
so all terms of the ground and excited state parts may 
be computed, individually and collectively. One is thus 
able to illustrate effects of various expedient trunca- 
tions used in computations of susceptibility and shield- 
ing constants. 

II. PERTURBATION THEORY 

The Hamiltonian operator for the ¢ electrons of a 
molecule in the presence of an applied magnetic field H° 
and a point magnetic dipole of moment w is given by 
the formula, 


I= 
F 


t 
{ (2m) “[(h/i) ¥j;+(e/c) A; P+V;! 
=l 


+> (e, r;;), 


<i! 


(1) 
where e= | € |, m is the electron mass, and the jth elec- 
tron with position r; moves in a nuclear potential V;. 
The quantity A; is the vector potential representing 
the magnetic field at the position of the jth electron. 
Here A; is taken to be the sum of two vector potentials, 
A;=A;+A,.. The vector potential A;° represents the 
uniform applied magnetic field H® and is given by the 
expression, A,°= 3{(H°X (rj;—1o;) ], where the vector fo, 
is the origin of the vector potential for the 7th electron 
and may be assigned arbitrarily. (Usually this origin is 
taken to be the same for all electrons, but one may take 
it to be different.) The vector potential A,’ repre- 
sents the magnetic field at r, resulting from the mag- 
netic dipole w at ry:A=[uX(rj—ry) ]/| rj—tw |. 


4H. F. Hameka, Mol. Phys. 1, 203 (1958). 
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ELECTRON 4, 


ORIGIN OF 
VECTOR POTENTIAL 
FOR ELECTRON j 


OORDINATES 


\ MAGNETIC DIPOLE LL 


Various coordinates and vectors 

Figure 1 shows the various position vectors specified. 
The dipole u, which represents the magnetic moment of 
a nucleus, serves as a measure of the magnetic shielding 
field induced at ry by the applied field H® and thus of 
the magnetic shielding constant oy. The direct coupling 
of the electron magnetic moment with the applied mag- 
netic field has not been represented in this Hamil- 
tonian, because the part of x or oy which arises from 
that coupling is not the subject of this study. 

In liquids and gases, in which a molecule assumes all 
orientations with respect to the direction of H® during a 
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measurement, the magnetic susceptibility x and mag- 
netic shielding constant oy may be expressed in terms of 
their diagonal (tensor) components 
X=4(xXertxwtx::), and ov=4(orr+o,,+0::). (2) 
For a molecular system of fixed orientation with respect 
to an applied magnetic field H® in the z direction, on the 
other hand, to a good approximation x=x.: and 
on=06:2:. Only x.2 and o,, are considered in the rest of 
this paper. 

Perturbation theory expressions for the quantities 
x and oy for atoms and molecules are derived in the 
conventional way.'?* The electronic Hamiltonian 
operator is written as the sum of an unperturbed part, 
which is appropriate for the molecular system isolated 
from both the applied field H® and the magnetic dipole 
u, and a perturbation which is expanded in the Car- 
tesian components of H® and wp, as are the wave func- 
tion and energy & for the perturbed system. The quan- 
tities x.. and o,, may be defined as derivatives of &, 
the energy of the perturbed system: x..= —(0°&/0H.0H.), 
and o..= (0°&/0H.du.). Convenient units of x,, are do’; 
the quantity o,. is dimensionless. The expressions for 
x:: and o,, each may be conveniently written as the sum 
of four terms. Thus 

ie ie ake Mis (3) 


where 


x= — (e/4mc?) (¥,* De (X?+¥2) |W), 


5] 


= — (e*/4mce®) (W,* | 3 (—2X Xo, +X0727—2V jVoji+Vo7) |W), 


I 


n 


n 


ye -| (Ox /dOE)dk 


— (e?/4mc*) ( —2h?/m) [ (E—E,)—| (We* 


Similarly, 


— (e?/4mc*) (—2h? m) >." E,—E\)~ | (Wn* [a id; ) —Xo;(0/i0 V ;) + Vo;(0/i0X;) ] | Vi) 
] 


> (d/id@;) —Xo;(0/id V ;) + Vo;(0/i0X;) ] | Wa) PAE. 
J 


o2:=0%+o"?+o%+o%, 


where 


CAP PX Se ~ Tile 
TEN 


1H. Ey 


ring, J 


“), 


—X jXoj+X0jXn— Vi Vojt+ Yoi¥n 


| ¥;—-Tfv * 


v) 


Walter, and G. E. Kimball, Quantum Chemistry (John Wiley & Sons, Inc., New York, 1944). 
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gt = >o'0"4(n) 
n 


= (€/2me?) (—2h?/m) Re >.’ (E,—E1)~ 


and 


o¢= | (d0*°/O0E)dE 
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(Wn* | >°[(0/idb;) —X0;(0/id V ;) + Vo;(0/i0X ;) ] | Wi) * 
7 


x(t 


P yl 10@;) —Xn (9, 10 Y ;) +¥y(a i X j) »), (11) 
ae | 


rj—Ty |° 


= (e?/2mc*) (—2h?/m) Re | (E— Ey)" (We* | > [(a/ ip; ) — Xo;(0/10 V ;) + Yo;(0/idX ;) ] | Vi) * 
0 2 


x(e* D ie 109;) —Xy (9/10 Vj) + ¥n(0/10X j) 


In Eqs. (4) to (12), the position vectors of the electrons, 
their vector potential origins, and the position vector 
for the magnetic dipole have been in part expressed in 
Cartesian coordinates; rj=[X;, Yj, Z;], foj= 
[X0;, Yo;, Zo; ], and try=[Xwn, Vw, Zy |. The Cartesian 
coordinates are related to spherical polar coordinates as 
usual: Z=rcosé, X=rsinOcos@ and Y=rsiné sing. 
The symbol Re denotes the real part of a quantity. 
A prime on a summation indicates that n=1 is to be 
excluded. Terms of ground state parts of x.. and a, are 
superscripted g. Terms of the excited state part are 
superscripted e. 

If the origin of coordinates is taken on the nucleus of 
an atomic system, then the terms x*! and o®! are the 
values of x and oy which may be computed by assuming 
a classical precession of the electron distribution with 
the Larmor angular velocity about the nucleus and ap- 
plied field direction.’ For atoms and other systems in 
which the electrons see a potential which is cylindrically 
symmetrical about an axis in the applied field direction, 
one has 


x? +y%+x°° = o?+q%4+g°=(), ( 13) 


where the origin of coordinates has been taken on this 
symmetry axis. Thus for an atom the terms x’! and 
o' are the exact computed values of x.. and o::, re- 
spectively. The individual terms entering Eq. (13) 
depend on the origin of the vector potential and are 
nonzero for most molecular systems. In a computation 
of x2: OF oz, the omission of one or a group of these 
terms can cause the computed property to depend on 
the origin of the vector potential. 

The contributions of the discrete excited states V, 
are x“ and o, There are usually an infinite number of 
such contributions, and in computations on molecules 
it is possible to evaluate the contribution of only a few 


®W. E. Lamb, Phys. Rev. 60, 817 (1941). 


= wi)de. 


| 
| 
| 
| 


y rj—fy |? 


(12) 





of these.’ The contributions of the continuum excited 
states Vg are x and o”%. For molecular systems the 
continuum contribution is never directly evaluated. It 
has been suggested® that application of a sum rule and 
an average excited state energy be employed to esti- 
mate the excited state part.’ 

Effects of truncations and approximations on the 
computed values for x.2 and o;, are illustrated by the 
hydrogen atom computations which follow. 


Ill. HYDROGEN ATOM COMPUTATIONS 
The origin of the vector potential may be deliberately 
taken off the hydrogen atom proton, in order to make 
nonzero the usually inaccessible terms of the excited 
state parts of x., and a... The terms of Eqs. (3) to (12) 


TABLE I. Contribution of excited discrete states to x,, for the 


hydrogen atom.* 
x(n) 


41620" 
.07910 


-41620° 
.49530 

.02899 52429 
.01394 .53823 
.00780 .54603 
00481 


.00318 


. 55084 
.55402 

.00222 
—(Q.00161 


.55624 
55785 


.56500 


® Units are ao*(—a2?/4), where a=e2/he 
b (Xe2-+Yo2)! = ao. 
© First work cited in footnote 10. 


7 A. Saika and C. P. Slichter, J. Chem. Phys. 22, 26 (1954). 
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PAB_e II. Parts of o,, for the hydrogen atom. 


ao” 


0.66667 0.00000 


0.6627 


) 0.06178 


0.65277 0.11484 


0.61797 0.19816 


0.51714 0.29639 


0.40589 0.33476 


0.30370 0.33850 


0.21802 0.32332 


0.15015 . 29881 
0.09854 . 27069 
0.06057 24222 
0.03346 21520 
0.01466 . 19047 
0.00886 0.14006 
. 10422 


07921 


0.01491 0 


0.01442 0 


4.00 -0.01206 0.06164 


o%4(2) 

.00000% 
.01582 
.02991 


0.00000 
0.01146 


02093 


.00258 


0 00488 


03745 00871 .05348 


06013 01392 08571 


.07267 


.01674 
01794 


10339 
07837 11126 
.11268° 
. 10998 
. 10481 
.09827 
09111 
08381 
.06721 
£05257 
.04155 
.03316 


.07956 .01809 


07786 01758 
07440 


.06996 


01667 
.01554 
~0 .06505 .01433 
01311 


.01028 


—0. 
—0.04814 
—0.03822 


06002 


.00798 
0.03040 —Q. 
-0).02440 


00622 


~0.00490 





®* Here Xo=ao: Yo, Zo, Vy, and e/hc. 


> Sum to n=9 of a4 (n 
© When evaluated to n=23, 


Zn=0. Units are a?/2, where a 


a 0.114563. 
can then be evaluated with a complete set of hydrogen 
atom wave functions*® which are eigenfunctions of the 
angular momentum about an axis through the proton 
and in the direction (z) of the applied field. The origin 
of the coordinate system is taken at the proton. The 
subscript » of wave functions W, is taken to be the 
principal quantum number. It is found that, of all 
states with the same value of » or E, only that pair of 
states with /=1 and m=+1 contribute to terms of the 
excited state part. The sums of these two contributions 
are represented by (dx°/dE), and 
0o°/dE); numerical values are given in Tables I and 
| 

The computational results for x.. are summarized in 
Fig. 2, Under the present assumptions, x”! must be 
identical with the exact computed value of x.:, and so 
it equals the sum of the ground and excited state parts. 
The magnitude of the other terms depends on the vec- 
tor potential origin and is proportional to (Xo?+ Y.*)}. 
With (X.2+ ¥,?)!=1.4a9, one hydrogen molecule bond 
length, both x”? and the excited state part are seen to 
have magnitudes comparable with x. Failure to com- 


x°4( n), a(n), 


rT. A, 
and Two 
1957) 

? Natl. Bur. Standards Appl. Math. Circ. No. 17, (1952). 

10 Some of the numbers in Table I have been computed previ 
vusly in other contexts: J. M. Harriman, Phys. Rev. 101, 594 

1956); P. O. Léwdin, J. Chem. Phys. 30, 617 (1959). 


Bethe and E. E. 


Electron Atoms 


Saltpeter, Quantum Mechanics of One 
(Springer-Verlag, Berlin, Germany, 


pute only the excited state part would lead to an error 
of 100% in x.:. The contribution of the first excited 
discrete states x#(2) is about 73% of the contribution 
of all excited discrete states x. The contribution of 
continuum states x has been computed in detail and 
is shown in Fig. 3. The lower energy continuum states 
are clearly most important. The continuum contribu- 
tion is 43.5% of the excited state part. 

In the evaluation of ¢.., both the origin of the vector 
potential and the magnetic dipole u have been assumed 
to lie on the x axis; this facilitates computations and 
presentation of results. The terms o”, of(m), and 
(do°/0E) are porportional to Xo which is taken equal 








7 
yé ec 


or X84 x84 xO 4 x 











Tr ee 1.5 


(x8 + 4%)" In a, 


Fic. 2. Terms of perturbation theory expression for x.z2 of the 
hydrogen atom. Units are —a?/4, where a= ¢/h¢ 





DIAMAGNETIC 


to d in tabulated results. The contributions of discrete 
excited states are detailed in Table II. In this atomic 
case, the true value of o,, must equal o,'. With the 
magnetic dipole one hydrogen molecule bond length 
from the proton, we again find both o,? and the ex- 
cited state part to be comparable in magnitude with 
o, The continuum states contribute more to the 
excited state part than do the excited discrete states. 
The continuum contribution 0 has not been directly 
evaluated, but it has been obtained by difference with 
Eq. (13). The computational results for o., are sum- 
marized in Fig. 4. 





Fic. 3. Contribution of the continuum states to x, for a 


hydrogen atom. (X¢?+ ¥Vo?)}=do. 


Use of Sum Rules 


Application of the quantum mechanical sum rule! 
can provide an upper limit on the magnitude of the 
excited state part of x,. or o.:. For the excited state part 
of x22, one finds 


x +x < (4h2a0/m) (E2— Ey) 


x {Xo?(W,* —0d"/ oy? | WV) op Y°(v,* —<o" ax? WV) he 


(14) 


If #, here is replaced by a properly chosen aver- 
age excited state energy E, the equality can be made 
to hold exactly. Evaluation of the integrals in Eq. 
(14) shows that the right-hand side is equal to 
(32/9) (Xo?+ Yo") (ao)*. Equation (13) then is satis- 
fied for any choice of vector potential origin if one 
takes E = +0.1666 e?/ao.!” 

Upon making a similar application of a sum rule, one 
finds that for the excited state part of ¢.., 


| o@4+o% | C+ (2ha9/m) (E2—E\) 


X| XoXw(Wi* | — | r—ew [8/9 V? |W) |. (15) 


iN. F. Mott and I. N. Sneddon, Wave Mechanics and Its A p- 
plications (Clarendon Press, Oxford, England, 1948), p. 94. 

2 The quantity E; is —0.50 e/ao, so that H=0.17 e/ao corre- 
sponds to an average excitation energy of 0.67 &/ao. The onset of 


the continuum is at E=0, corresponding to an excitation energy 
of 0.50 e/ay. 
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lic. 4. Terms of perturbation theory expression for o;: of the 
hydrogen atom. Units are a?/2, where a=e/he. 


Again one may define an average excited state energy 
E, which when substituted for E, in Eq. (15) makes the 
equality hold. In Table III, £ is listed for a set of Xy. 
It depends strongly on Xy. As Xy becomes large, E 
approaches the value which produces the correct sum 
rule estimate of the x.2 excited state part. 


IV. SUMMARY AND CONCLUSIONS 


These computations on the hydrogen atom show the 
considerable magnitude of errors which may be intro- 
duced by truncations and sum rule approximations in 
perturbation theory based calculations of the magnetic 
susceptibility and nuclear magnetic shielding constants 
of molecules. The excited state part of the perturbation 
theory expressions is of the same magnitude as the 
computed property, if the origin of the vector potential 
is taken but a molecular bond length from the proton. 
The contribution of the continuum is about equal to 
that of the discrete excited states. Thus major errors 
may result in calculations on molecules if the continuum 
contribution is omitted. Such an omission will also 


TABLE III. Average excited-state energy required for correct sum 
rule estimate of excited-state part of o,, for the hydrogen atom.® 





Xn (ot4-+-gee)b 


.05 —16.172 
.10 — 13.323 
.20 —9.658 
40 —5.695 
.60 — 3.641 
.80 -2.454 
00 -1.723 
20 —1.253 
40 —0.939 
.60 124 
80 571 
.00 —(0.461 
50 .291 
3.00 .200 
3.50 —0.146 
.00 —0.111 


® Xo=ao; Yo, Zo, Yn, and Zy=0. 
b Upper limit is tabulated. Units are a?/2, with a=e he 


© The value of E2 which makes Eq. (15) 


exact 
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the computed value of the property to depend 
on the origin taken for the vector potential. It also 
is clear that caution must be exercised in applying sum 
rules to estimate the excited state parts. With a single 
average excited state energy the excited state part of 


Cause 


the magnetic susceptibility for a hydrogen atom can be 
estimated for any origin of the vector potential. How- 
ever, no single average excited state energy can give a 
correct sum rule estimate of the excited state contribu- 
tion to the nuclear magnetic shielding for all positions 
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of the test magnetic dipole. The presence of . these 
difficulties in the perturbation method should en- 
courage the continued investigation of variation or 
other methods"*~" as the way to achieve quantitative 
computation of the magnetic properties of molecules. 


‘SM. J. Stephen, Proc. Roy. Soc. (London) A242, 264 (1957). 
' B. R. McGarvey, J. Chem. Phys. 27, 68 (1957). 

‘8 J. A. Pople, Proc. Roy. Soc. (London) A239, 541 (1957). 

'© Y. Kurita and K. Ito, J. Am. Chem. Soc. 82, 296 (1960). 
7H. F. Hameka, Z. Naturforsh. 14a, 599 (1959). 


VOLUME 34, NUMBER 3 MARCH, 1961 


Proton Relaxation Times in Paramagnetic Solutions. Effects of Electron Spin Relaxation* 


N. BLOEMBERGEN AND L. O. MorGAN} 


Gordon McKay Laboratory, Harvard University, Cambridge, 


VWassac Auselts 


Received August 18, 1960) 


rhe proton relaxation time in solutions of paramagnetic ions depends, among other factors, on the relaxa 


tion time of the electron spins, 7 


, It is shown that the latter, for ions of the iron group, is determined mostly 


by the distortion of the hydrated complex by collisions with other water molecules. The theory provides a 


quantitative explanation for the decrease in 7, in Mnt 


+ 


(and other) solutions in very high magnetic fields. 


The experimentally observed field and temperature dependence of the proton relaxation times, 7; and 7», 
for ions of the iron group is compared with theory and the features which depend on 7, are stressed. 


I. INTRODUCTION 


ELAXATION of protons in aqueous solutions of 

paramagnetic ions is dominated by interactions 
between the electronic spin of the ions and the spins of 
neighboring protons. If exchange among proton types 
in the solution is rapid, all protons exhibit similar 
relaxation behavior as a result of the mixing. The 
over-all relaxation observed is then a weighted average 
of relaxation rates in each different local proton en- 
vironment. In the specific case of hydrated para- 
magnetic ion solutions at moderate concentrations the 
principal contribution occurs when the proton is 
within the hydration sphere of the ion. 

Results of a wide variety of measurements, including 
both temperature and frequency dependences of proton 
relaxation, have been summarized in the recent litera- 
ture.'-* In general, the most successful correlation of 
experimental results has been achieved through con- 
sideration of proton-electron spin dipole-dipole inter- 

* The research reported in this paper was made possible through 
support extended Cruft Laboratory, Harvard University, jointly 

the Navy Department (Office of Naval Research), the Signal 
Corps of the U.S. Army, and the U. S. Air Force. 

t On leave from the University of Texas, Austin, Texas, 1960, 
with support from the University Research Institute. 

!'R. Hausser and G. Laukien, Z. Physik 153, 394 (1959). 

2 R. A. Bernheim, T. H. Brown, H. S. Gutowsky, and D. E. 
Woessner, J. Chem. Phys. 30, 950 (1959). 

3. O. Morgan and A. W. Nolle, i: Chem Phys. 31, 365 (1959). 


action as formulated by Solomon' and of isotropic 
proton-electron spin exchange.® The combined equa- 
tions are 


(1/N7,) = (4/30) SCS+1) 26?y7P (n/N p) rr 
X[3r, +77,.(1+a,72)7! ] 


+ (2/3) S(S+1) A*h?(m/N») [re(At+aer2)] (1) 


and 

(1/NT2) = (4/600) S(S+1) 26*y7(14/N>)r-* 
(77-4137. (10272) 

+ (1/3) S(S+1) Ah? (m/Np)(retre(1+w2r2) | (2) 


for w7-K1 and w<Kw,. These conditions are not severe 
since r, is expected to be of the order of 10~'' sec, or 
shorter, and w,=650 wy. 

In Eqs. (1) and (2) indexes J and S refer to proton 
and electron spins, respectively; w is the Larmor preces- 
sional frequency; y, the gyromagnetic ratio; 7, the ion- 
proton internuclear distance; A, the spin exchange 
constant; 7. and 7,, the correlation times for dipolar 
and spin exchange interactions respectively; m, the 
number of protons in the hydration sphere of the ion; 
N,, the molar concentration of H (in any form) in the 


‘IT. Solomon, Phys. Rev. 99, 559 (1955) 
5 N. Bloembergen, J. Chem. Phys. 27, 5 


72, 595 (1957). 
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solution; and .V, the molar concentration of paramag- 
netic ions, All other symbols have their usual meanings. 

Temperature dependence of the dipolar part of T; 
and 7, is attributable to variation of r., which for a 
number of paramagnetic ions, e.g., Mn**, Cut *, 
Gd**,?* has been shown to be related to the ion tumbl- 
ing time 7,. Thus, 7, should have an exponential tem- 
perature dependence? 


te=T. exp(V./RT). (3) 


This is well confirmed experimentally.'*:° However, the 
exponential dependence does not necessarily follow 
for the spin exchange contribution, nor for the dipolar 
contribution when 7, is not primarily determined by 
tumbling of the complex, but also by the time de- 
pendence of the magnetization of the electron spin r,. 
The time dependence of the scalar interaction is 
determined by the time 7 for chemical exchange of 
protons in the complex and also by 7,.° If the inter- 
action between the ith proton and jth electron spin is 
written as 


KH; exp(4) = Ai(O1,-S;()), (4) 


the correlation function may be written 
(A j4;(t) S(t) A ij(t+7) Szj(t+7) ) 
= (A ii(t) A ij(t+7) )(Szi(t) Szi(t+7) ) 
= A? exp(—1/r)3S(S+1) exp(—r/z7,) (5) 


because the motion of the protons in and out of the 
complex is not correlated with the motion of the 
electron spin. This is shown in more detail in the 
following section where the electron spin relaxation 
time is discussed. A similar relation holds for the 
transverse components of the electron spin, in the limit 
of rapid motion for electron spin relaxation. One has 
therefore 

te = re. (6) 


Similarly one has for the dipolar interaction 
t '=7, ‘+7, (7) 


because it will be shown that the electron spin motion 
is—to a good approximation—not correlated with the 
rotation of the complex. For the Mn+ + ion one has at 
low temperature 


Th> Te Tr. 


In general, 7, will be a function of the temperature 
and the magnetic fiel¢. In fact, 7, can be expected to 
increase if the precession period of the electron spin 
becomes comparable with the characteristic time for 
motions leading to electron spin relaxation in the solu- 
tion. Accordingly, the transverse relaxation time for 
the protons should decrease. This is in qualitative 
agreement with the data of Bernheim, Brown, Gutow- 


6P. F. Cox and L. O. Morgan, J. Am. Chem. Soc. 81, 6409 
(1959) 
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sky, and Woessner? and of Morgan and Nolle.’ A 
quantitative discussion requires a more careful analysis 
of electron spin relaxation, when the motion in the 
liquid is not fast compared to the electronic Larmor 
precession. In general, several relaxation times 7, will 
then have to be considered. 

Kivelson’ has developed a theory of electron spin 
resonance linewidths for free radicals and paramagnetic 
ions in magnetically dilute crystals and in dilute liquid 
solutions which includes consideration of nuclear quad- 
rupole moments, zero field splittings, anisotropic Zee- 
man terms and intramolecular electron-nuclear dipolar 
interactions, motional and exchange effects. The theory 
has been applied by Rogers and Pake® to explain the 
variation in linewidth with m, in the hyperfine ESR 
spectrum of VO** in aqueous solution. Spin-orbit 
coupling was specifically excluded in both considera- 
tions. It is shown in the following section that the latter 
is the principal mechanism leading to electron spin 
relaxation in dilute aqueous solutions of iron group 
ions. A comparison with experimental data in the last 
section of this paper shows that it is sufficient to explain 
satisfactorily the observed features of the contribution 
of electron spin relaxation to proton spin relaxation in 
many such solutions. 


II. THEORY OF THE ELECTRON SPIN RELAXATION 
TIME 


The data of Tinkham, Weinstein, and Kip* show that 
the interaction between Mn** ions plays a negligible 
role in the relaxation mechanism in dilute solutions 
(<0.05N). In such solutions the dominant mechanism 
is undoubtedly via the spin-orbit coupling, first con- 
sidered by Kronig."” Van Vleck" has made an elaborate 
model of this relaxation mechanism considering the 
coupling of the spins with the normal modes in a com- 
plex, which in turn are modulated by the Debye waves 
of the crystalline lattice. This model has been adopted 
by Russian workers~" to discuss the relaxation time 
of ions in crystals and solutions. 

In a liquid one considers the modulation of the 
crystalline field splitting, the g-tensor, and the hyper- 
fine coupling by the Brownian motion. In a similar 
way the Kronig-Van Vleck mechanisms could be 
described in terms of a modulation of the coefficients in 


‘D. Kivelson, J. Chem. Phys. 33, 1094 (1960). 

5R. N. Rogers and G. E. Pake, J. Chem. Phys. 33, 1107 
(1960). 

9M. Tinkham, R. Weinstein, and A. F. Kip, Phys 
848 (1951). 

1 R. deL. Kronig, Physica 6, 33 (1939). 

J. H. Van Vleck, Phys. Rev. 57, 426 (1940). 

2S. A. Al’tshuler and K. A. Valiev, J. Exptl. Theoret. Phys. 
\U.S.S.R.) 35, 947 (1958) [translation: Soviet Phys. JETP 8, 
661 (1959) J. 

A. A. Kokin, J. Exptl. Theoret, Phys. (U.S.S.R.) 36, 508 
(1959) (translation: Soviet Phys. JETP 9, 353 (1959) }. 
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a spin-Hamiltonian by the lattice vibrations. For free 
radicals with spin S=} and a g value close to the free 
electron value modulation of the isotropic and/or 
anisotropic hyperfine coupling is important. For Ti*+ 
and Cut * ions, with S= 4 but an anisotropic g different 
from 2, modulation of the g tensor is probably dominant. 
McConnell,"* Kivelson’ and Rogers and Pake® have 
discussed these effects. For ions with S>1, such as 
Nit +, Cr*+, V++, Fe*+, and Mn*+, modulation of the 
crystalline field parameters will be the most important 
mechanism, as was first discussed by McGarvey.” His 
equations are only qualitatively correct. Al’tshuler and 
Valiev” have given a very interesting discussion of 
electron spin relaxation in paramagnetic solutions. 
They arrive at the conclusion that for ions such as Cut + 
and Cot *, which have some closely spaced low orbital 
levels, the transverse electron spin relaxation time may 
be considerably shorter than the longitudinal one. For 
other ions they reach conclusions similar to those 
presented here. Our work considers in more detail the 
various motions in the liquid and the different relaxa- 
tion times that may result when the motion in the liquid 
is not very fast compared to the splitting of the electron 
spin levels. It is also shown that the proton spin 
relaxation times provide a check on the details of the 
electron spin relaxation mechanism. 

Since the motion is random and isotropic, one has 
for tensor components in irreducible form, T [compare, 


e.g., Rose,'® Eq. (4.32) ] 
(Tim(9, b, £) Trm? (0, b, t-+7) 


=€7°6 118mm exp(—7l(1+1)/7,), (8) 
where 7, is the correlation time for the rotation of the 
complex with an orientation described by spherical 
angles @ and ¢. For a sphere of radius @ in a viscous 
medium, 


Tr/2=4Anna®/3kT. (9) 


The constants c; should be determined from the trace 


relationship 


TrR..¢= > i, rt 


Ms 


(2/+1)c/, (10) 


where 3C.,,; is the /th power polynomial in the crystal- 
line field potential with zero average. In the case of a 
cubic Mn*+* complex, e.g., only cy is nonvanishing. 
The left-hand side of (10) is then equal to $6, where 6 
is the energy separation between the doublet and 
quartet state of the S=} ion in a cubic field. In 
terms of the constant a of the spin-Hamiltonian 
a(SA+S5;+.S4) one has «4=3-)X48a. The relaxation 
times can now be determined in the usual way from 
the equation of motion for the spin density matrix o 


6H. McConnell, J. Chem. Phys. 25, 709 (1956). 

7B. R. McGarvey, J. Phys. Chem. 61, 1232 (1957). 

'M. FE. Rose, Elementary Theory of Angular Momentum 
John Wiley & Sons, Inc., New York, 1957). 
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in the rotating coordinate system in the Schrédinger 
representation. 


Sac’ =F > Raa'as’ ( gp" — a3 Og" ) 5) ( 11) 


B,B! 

where the notation of Redfield [his Eq. (2.19) ] has 
been adopted and where the indexes refer to the m,— 
states with values from —$ to +3. The relaxation 
coefficients can readily be expressed in terms of spectral 
densities which are Fourier transforms of Eq. (8). 
For the longitudinal relaxation times one is interested 
in the diagonal terms Raags. For the transverse relaxa- 
tion time one needs terms with a—a’=B—p’=+1. 
One finds [Redfield," Eqs. (2.16) and (2.24) ] 


Rieemine = h 227d (+1) c2C2( SIS; mm, ) 
t 


y". 


In the limit of extreme narrowing the last factor may be 
put equal to unity. One then has a single relaxation 
time. Following the method of Abragam and Pound” 
for the solution of the rate equations in this case, one 
obtains for the relaxation time of the longitudinal 
component 


7, '=47,h > [e? 1(i+1 ) J 
l 


X [1 +o.2(m.—m,") 2722 (141)? (12) 


X[1—(2S+1)W (SI, S,SS)], (13) 


where W is a Racah coefficient, tabulated by Rose," 
in his Appendix I. On substituting its value into Eq. 
(13), one finds 


27h c2/S(S+1). 


For the cubic Mn* + complex > «r= 16X 48a". It is 
easy to show that the same relaxation time also ap- 
plies to a transverse component in this limit. 

To explain the field variation of 7, one has of course 
to go back to the set of rate equations (11), because 
one is then interested in the deviations from the extreme 
narrowing case. In general, there are 2S=5 character- 
istic longitudinal relaxation times. Because of the 
property of the matrix elements, the 
relaxation coefficients in (11) satisfy the relation 
Rinm mm! = R-m—m,—m'—m’. The magnetic moment opera- 
tor decays with only S+ 3=3 characteristic times”! 
which may be obtained by solving the three simul- 
taneous equations for 65/252 —@—5/2,-6 2) 63/2,3/2 —F—3/2,-3/2) 
4. The eigenvectors tm,(m= 4, 3, 3) 
corresponding to the three relaxation times 7;,(A= 
1, 2, 3) are then found. The correlation function for the 
z component of magnetization is then 


(S(t) S(t +7) )= 2 z Mm,> 


m dA=1,2,3 


Xexp{ —7/ra}3S( S+1)/>> 


m 


Ts 


(14) 


symmetry 


> min. (15) 
Pn 


A. G. Redfield, IBM J. Research Develop. 1, 19 (1957). 
2” A. Abragam and R. V. Pound, Phys. Rev. 92, 943 (1953). 
21 fF, Lurcat, Compt. rend. 240, 2402, 2517 (1955). 
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A similar program could be carried through for the 
transverse components of the magnetization, starting 
from the rate equations for the off-diagonal elements 
of the density matrix.'5- 


Om,m+1 > Res m+1,m’ ,m'4+10m’ m'4+ 
m! 


(16) 
with 
Rin mti.m’ m4) = 2(—1)™-"C( SIS; m, m' —m) 
2h 71 (1+1) $c? 

C( SIS; m+1, m’—m) : ans é 
1+w,?(m—m’')*771-7(1+1) 
— 25mm > C2 SIS; mq) 

7 


(17) 


X {2h (1 +1) 'e?/[1+w2y?77l? (1+1) 7}. 


t4y=2>) > Remm'm’(Em—Em)?/ >. > (Em— Em*)?. 


m mi 
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This will lead to three transverse relaxation times, 
which are in general not equal to the longitudinal times. 

Thus one will have six different times 7, and conse- 
quently six different times 7, to substitute in Eq. (2), 
three in the first term, and three others in the second 
term. The experimental data do not warrant such a 
computational effort. When 7, is much shorter than 7; 
the difference is due primarily to the term in Eq. (2) 
which is linear in r,. Therefore, 7! increases with 7, 
for large values of wyr;. 

A qualitative idea about this increase may be ob- 
tained in the following way. There is a situation in 
which there is only one longitudinal relaxation time 
even for slow motion w,7,>1. If thermodynamic 
equilibrium is assumed at all times within the spin 
system one has the single relaxation time™:” 


(18) 


m mi! 


This assumption is clearly pot valid in our case. It supposes an infinitely short transverse relaxation time. In a 
solid with rapid dipole-dipole flip-flops between the various m-states it is applicable. Let us nevertheless evaluate 


Eq. (18) for our case 


2>5 do CC SIS; mm’) (m—m’) [1 +02(m—m’')*72 


1 m=—s m/=—s* 


2141) Ph 


Ts 2(2§+1) S(S+1) 


The numerator may be evaluated as follows 


+ SEC SLS, mm! —m) (m—m’')?= > YC SIS; mum’) 2 


m m/ m m/ 


=[(2S+1)/(214+1) >) SSC SSI, mm'p) w= C(2S41)/(2141) DO Yout= (2.S+1)241(41). 


m m 


In the extreme narrowing limit this expression reduces 
properly to the previous result Eq. (14). There it was 
shown that magnetization decays with a single ex- 
ponential, regardless of the initial distribution over the 
various spin states. In particular, the same value should 
be obtained for an initial Boltzmann distribution. It is 
believed that 7, as evaluated from Eq. (19) gives a fair 
indication of how 7;~', given by Eq. (2), increases with 
increasing ws. Note that the decrease in 72 should begin 
for w,(4/20)7,~1, with m—m’=4 and /=4, whereas 
the increase in 7; due to reduced dipole-dipole relaxa- 
tion should begin for w,(2/6)7,~1, with m—m’=2 
and /=2. 

The experimental data for Mn** solutions indicate 
that the important decrease in 72: occurs for much 
higher values of w, than the increase in 7). The probable 
reason is that the main relaxation mechanism of the 
Mnt* ion is not the modulation of the 16-pole inter- 
action by rotation of the cubic complex [term with 
l=4 in Eq. (19) ], but rather the distortion from cubic 
symmetry by the water molecules outside the complex 
which dart rapidly in and out and deform the complex” 


with a characteristic time, t»<7,//(/+1). Although this 
motion is much more complex and cannot be treated 
rigorously, one may add, in analogy with the case of 
rotational motion a term with /=2 in the various 
Eqs. (11)-(18) with 7,/6 replaced by 7,, and the 
constant ¢c, determined by 


5e2= Tr{ DIS2—-3S(S+1) J+ £[S2—S/7]}%. (20) 


This is the only term in Eq. (14) present for Ni*+ + and 
Cr+ with S<2. It should be emphasized once more 
that the correct way to calculate the decrease in 7, 
is by using the solutions of the rate Eqs. (11), rather 
than (18) which is strictly valid only in a solid with 
strong interaction between neighboring ions. 

Finally the possibility of interference with other 
electron spin relaxation mechanisms should be con- 
sidered. In the following enumeration I will denote the 
nuclear spin of the paramagnetic ion, not as heretofore 
the spin of the protons. The interaction of the latter 
with the electron spin determines their relaxation time 


2 1. C. Hebel and C. P. Slichter, Phys. Rev. 113, 1504 (1959). 
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3.2 


T'x 10° (@K™ 


Fic. 1. Proton NT; and NT» for Mn* * solutions as functions 
of 1/T 14 Mc, A—30 Mc, O—60 Mc. Upper curves— V7), 
lower curves—NT>». Solid lines were calculated using the con 
stants given in the text. 


according to Eqs. (1) and (2), but it can be ignored 
in the calculation of 7,. The following processes can be 
distinguished: 


(a) Relaxation by modulation of the isotropic hyper- 
fine interaction A(t) 1-S; 

(b) Relaxation by modulation of the anisotropic 
hyperfine interaction I-B(¢)-S; 

(c) Relaxation by modulation of the anisotropic 
g-factor Hy: Ag(t) -S; 

(d) Relaxation by modulation of the 
crystalline field splitting S-D(1)-S: 


(e) Relaxation by modulation of crystalline 16-pole 


quadratic 


interaction, etc. 


The modulation of the scalar A(/) is caused only by 
impinging of molecules outside the complex. The wave 
function at the nucleus is thus distorted with a correla- 
tion time 7,. The modulation of the second-order trace- 
less tensors B(t), Ag(¢), and D(t), has two causes. 
The rotation of the complex as a whole modulates the 
angular factors with correlation time 7,, describing the 
orientation of the tensor with respect to the 
laboratory coordinate system. If the complex had per- 


axes 


fect cubic symmetry and this were the only motion, 
the interactions would vanish and no relaxation would 
result. The ratio of the axes of these tensors may, 
however, be modulated by molecular distortions of the 


AND: i, ee. 
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complex with correlation time 7». This was shown to be 
the most important mechanism for the tensor D(‘). 
Although the modulation of the dipolar hyperfine 
structure and anisotropic g-value is usually considered 
to arise from a rotating rigid complex, it should be 
emphasized that this model is adopted mainly for 
mathematical elegance. The dipolar interaction has 
only three independent elements rather than five for a 
general traceless second order tensor, but one is the 
radial factor, which may be modulated by distortion 
of the complex from outside. The same motion can also 
modulate Ag in the same way as it modulates D, EF 
and the Eulerian angles of the tensor D(/). 

There is no interference term between process (a) 
and any other mechanism. When the statistical average 
over all orientations in space of the tensors is taken in 
the isotropic liquid, a vanishing result for the cross term 
is obtained as A itself does not depend on the angle. 

In the same way the cross term between mechanism 
(e) and any other mechanism vanishes, since the orders 
of the spherical harmonics involved are different. 

It remains to investigate the cross-effects between 
(b), (c), and (d). McConnell’ and Kivelson’ have 
shown the existence of cross terms between (6) and 
(c), and in principle similar cross terms should arise 
with (d). The interest is here, however, centered on 
paramagnetic ions which have no resolved fine or 
hyperfine splittings in aqueous solution. Therefore, 
averages over all m; and m, states should be taken. 
Then all interference terms between (6), (c), and (d) 
vanish, because (I)= (S)= (/,.S,;)=0, etc. 


III. COMPARISON WITH EXPERIMENTAL RESULTS 


Mn** Solutions: (S = 3; 3d° °S) 


In addition to data reported previously’ for proton 
relaxation in aqueous Mn* * solutions, results have been 
obtained at proton resonance frequencies of 14, 30, and 
60 Mc over the temperature range 5° to 80°C,” and 
are shown graphically in Fig. 1 as a function of 7". 
The solid curves indicated for N7, are those expected 
for 7.(300°K) =3.0X10-" sec and V.=4.5 kcal/mole, 
using the first term (dipolar) of Eq. (1) and Eq. (3); 
with r=2.8 A, u=5.98, and m,=12. 

Following the suggestion of Bernheim, Brown, 
Gutowsky, and Woessner,’ we assume that 7, at high 
temperatures is essentially 7,, and that 

tr=7 exp(Vi/ RT), (21) 
while at low temperatures 7, contributes heavily to 
t-LEq. (6) ]. According to Eq. (19), for /=2 

1 12c"h [ot 47, 


Fe 9 Ae 9 9 
Te 3S(S+1)|1+0,77,? 14+40,?7,’ 


*3 Experimental methods used were those given in detail in 
footnote 3. Temperature control was obtained using a flowing 
gas thermostat. Reported temperatures are probably accurate to 
within +1°C. 





PROTON RELAXATION 


and according to Eq. (20) 
c2 = 2/225(2S+1) S2(.S+1)? 
X {1—[3/4.5(S+1) }} [2 (D* +3 (Ew). 


From the experimental data shown in Fig. 1 the 
spin exchange contribution to (.V7,)~' may be calcu- 
lated as a function of temperature and frequency. At 
low temperatures, where t.~7,, 7, may then be eval- 
uated from the frequency dependence of (NT2) cx 
predicted by Eqs. (2) and (22). The results of this 
calculation are given in Table I. Noting that 7, is the 
correlation time for the impact of water molecules of 
the solvent upon the hydrated ion, we expect that 


ty=T,’ exp(V,/RT). 


(23) 


(24) 


The observed exponential temperature dependence of 
ty gives V,=3.9 kcal/mole. 

Bleaney and Ingram* found D=0.018 cm™ and 
E=0 for MnSifs:6H,O0 crystals and D=0,.024 cm™ 
and £=+0.01 cm for the Tutton salt, (NH4)2Mn(SO,)o- 
6H,O, from the ESR spectrum at room temperature. 
In these substances the Mn* * ion is surrounded by an 
octahedron of water molecules in a manner similar to 
that proposed for the hydrated ion in solution. As- 
suming that the effect on D of fields external to the 
hydrated ion in the crystal is small, we use the value 
D=0.018 cm™ in Eq. (22). Then, taking 7,= 2.4 10-" 
sec, rT, at 300°K and 30 Mc is found to be 4.5X 10~ sec. 
This corresponds to a low-field value of 3.5X10~° sec, 
which is in good agreement with 7,=3X10~° sec esti- 
mated’ from the ESR linewidth data of Tinkham, 
Weinstein, and Kip.* The values of D and 7, used here 
are considerably smaller than those obtained by 
Kokin,'* whose value for D (0.08 cm) is much larger 
than that expected on the basis of results for hydrated 
ions in crystals. Since the pertinent motion is not 
rotation of the complex, our shorter value for the 
correlation time appears to be more reasonable and is 
consistent with the high field behavior of the proton 7». 

At high temperatures (7,~7),) the best fit of Eq. (2) 
to experimental data is obtained with 7,(300°K) = 
2.3 10-* sec and V,=8.1 kcal/mole, which are com- 


Tase I. Temperature dependence of 7, in Mn** solutions. 


FCA) TT“ (°K) w,) (Mc) 


12 3. 3.4107" 
21 8 2.8 10-2 
30 $i 3x 10-2 


40 : 9x 10°" 


® Frequency at which wsTy=1. 


4B. Bleaney and D. J. E. Ingram, Proc. Roy. Soc. (London) 


A205, 336 (1951). 


TIMES 





(M x sec ) 


1 OR NT, 
oO, 
> 


NT 








4 | 1 1 i rn i 1 1 
28 30 032 3.4 3.6 
T'x 10° (°K') 





Fic. 2. Proton NT; and NT> for V* * solutions as functions of 
1/T. X —2.7 Mc, []—6 Mc, A—14 Mc, O—30 Mc, @—60 Mc. 
Upper curves—N 7), lower curves—NT>. Solid lines were calcu- 
lated for NT, using the constants given in the text. To avoid 
confusion the calculated curves for NJ» are shown in Fig. 3 for 
the spin exchange contribution. 


parable to the values reported by Bernheim, et al.’ 
Thus, 7-(300°K)3.810-* sec and (A/h) =1.0X 10° 
sec, 

The solid curves drawn in for V 7 in Fig. 1 represent 
Eq. (2), taking all contributions into account accord- 
ing to the preceding discussion. The agreement is well 
within the expected experimental error and must be 
considered satisfactory. The behavior of 7; and 7, 
clearly indicates that two distinct motions in the 
solutions, described by 7, and 7,, are important in the 
relaxation mechanism, and corroborate the assumption 
that proton chemical exchange becomes important if 
electron spin relaxation times are sufficiently long. 


V** Solutions: (S =}; 3d* ‘F; Orbital Singlet Lowest 
in a Cubic Field) 


Proton relaxation times for solutions of VSO, in 
dilute H.SO, are presented in Fig. 2. These data were 
obtained using samples maintained in a_ reducing 
atmosphere and containing an excess of solid zinc 
amalgam. Other experimental details have been given 
previously.* It was verified that both 7, and 7» are 
independent of concentration to at least 0.01 M VSO, 
and 0.1 M H;SO,. The predominant ionic species in 
such solutions is usually assumed to be the hydrated 
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Fic. 3. Spin exchange contribution to proton NT, for V*+* 
solutions as a function of 1/7. []—6 Mc, O—30 Mc, @—60 Mc. 
Solid lines were calculated using the constants given in the text. 


vanadium(II) ion and no evidence was obtained in 
this work to the contrary. 

The solid curves representing 7; in Fig. 2 are those 
expected for the several proton resonance frequencies 
employed according to the first term (dipole-dipole) of 
Eq. (1). The constants used were the same as those for 
Mn** solutions except u,=3.83, V.=4.3 kcal/mole, 
and 7.(300°K) = 2.0 10-" sec. It should be noted that 
in each case the curves give essentially the correct 
temperature dependence. However, the expected 10/3 
iacrease in 7; at high fields relative to the low-field 
values is not entirely realized. A similar situation in 
Cut++ and Gd* solutions has been previously noted.’ 
The cause of the discrepancy is not known, but may be 
the contribution of relaxation occurring in the second 
and more remote layers of water molecules around the 
paramagnetic ions. There the effective correlation 
time may be considerably shorter than for protons in 
the primary hydration sphere so that the important 
increase in that part of 7; occurs at higher frequency. 

Certain features of the transverse proton relaxation 
behavior are apparent even in the unresolved data 
shown in Fig. 2: (1) T2 is considerably less than 7; at 
all frequencies, (2) there is no gross frequency de- 
pendence, and (3) in general, J, decreases with in- 
creasing temperature. These observations suggest that 
T;<7, and 7,>7,, so that r-=7, and w,7->>1. The spin 
exchange contributions to NT», are shown in Fig. 3. 
Application of Eqs. (2) and (22) to the observed fre- 
quency dependence of (N72)-x gives the values of 7, 
listed in Table II, from which V,=2.8 kcal/mole. 
The value of V, calculated from the temperature varia- 
tion of (NT2).x at 2.7 Mc is 2.6 kcal/mole, assuming 
that +, [and (NT7:).x] is an explicit function of 7, 
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and is essentially equal to its zero field value at that 
frequency. 

A value of D for the hydrated V+* ion in solution 
may be estimated from data reported for the vana- 
dium(II) Tutton salt, (NH,).V(SO;).°6H,O, by 
Bleaney, Ingram, and Scovil® for which D=0.158+- 
0.01 cm™ and E=0,049+0.005 cm~'. Assuming that 
D for the ion in solution is approximately 3 of that for 
the solid Tutton salt and E=0 as in the case of Mnt +, 
we obtain 7,(300°K) =5X10-" sec at low fields and 
6X10-" sec at 30 Mc. On that basis Eq. (2) yields 
(A/h)=2X10° sec™'. In the temperature range 0°— 
100°C +,7°€r,-! and 1.=7;. 


Cr**+ Solutions: (S =3; 3d* ‘F) 


Among hydrated ions of the iron group Cr** is unique 
in that the mean lifetime 7, for protons in the hydration 
sphere of the ion is sufficiently long that the rate of 
proton exchange with those of bulk solvent determines 
the overall proton relaxation time in the solution. Al- 
though this has not been recognized previously, it is 
perhaps not surprising in view of the very long (of the 
order of hours) characteristic lifetime for water mole- 
cules in the hydration sphere.” 

A similar case of slow proton exchange has been 
examined in detail for solutions of the bisethylene- 
diaminecopper(II) ion® and general relaxation rate 
equations were used in connection with that work of 
the type introduced by McConnell.” Pearson, Palmer, 
Anderson, and Allred** have made essentially the 
same application in a recent publication. The pertinent 
relation for this case is 


(11) = (Tw) "+ NmN (Trt); 


in which 7}, is the relaxation time in pure water and 
T,. is the relaxation time in the hydration sphere of 
the paramagnetic ion. This relation applies for 
NmN p'K1 and 7T,>7;. The latter condition is valid 
in our experiments. It is necessary in order to have a 
homogeneous system, and not two distinct groups of 
protons with different relaxation times as discussed in 


(25) 


TABLE II. Temperature dependence of 7, in V** solutions. 


is BS, r?CR 3) 


3.6X 10-3 112 


(ws)e 


Ty(sec) 


imi 


3.510% 130 8710-2 


3.410% 152 .60X 10-" 


3.3 Ki10* 170 .43X 10-2 


%B. Bleaney, D. J. E. Ingram, and H. E. D. Scovil, Proc. 
Phys. Soc. (London) A64, 601 (1951). 

2 J. P. Hunt and H. Taube, J. Chem. Phys. 18, 757 (1950). 

27H. McConnell, J. Chem. Phys. 28, 430 (1958). 

28. R, G. Pearson, J. Palmer, M. M. Anderson, and A. L., Allred, 
Z. Elektrochem. 64, 110 (1960). 
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detail by Broersma.” A similar equation applies to 7) 
in this case. 

Proton 7, and 7, as functions of temperature are 
shown in Fig. 9 of footnote 1 for Cr** solutions. At low 
temperatures 7; and 7, decrease with increasing tem- 
perature because the rate of proton exchange increases 
and a proton remains in the hydration sphere of an ion 
for a time, 7s, long compared to its relaxation time in 
that environment. At higher temperatures just the 
reverse is true sothat (71) "&(Tyw)'+NmN p(T.) 
and Eqs. (1) and (2) apply. Eq. (25) provides a natural 
explanation for these observations. t, is found to be 
4X10~* sec at 300°K and V,;=10 kcal/mole. Results 
are the same for resolution of both 7; and 7) data. 

Equation (25) can also explain quantitatively the 
frequency dependence of 7; and 7, for Cr** solutions 
reported previously.* With the value of 7», in the 
foregoing, the revised 7, for dipolar interaction in such 
solutions is then 8X 10~" sec at 300°K. The same value 
is obtained from both the low. frequency 7; and the 
break in the 7; vs frequency curve. 

At temperatures well above 300°K 7» continues to 
decrease with increasing temperature, but with some- 
what smaller slope. Assuming that this is attributable 
to the increase in 7, in the second term of Eq. (2), 
V,=2.5 kcal/mole and (N 7») ex=8X10~ at 300°K. 

The ESR linewidth at x band for hydrated Cr** in 
solutions of violet Cr(NQO3)3 is about 150 gauss at 
300°K, so that r,=5X10~-" sec at low fields. Eqs. (22) 
and (23) then give D=0.08-0.11 cm™ depending upon 
the choice of 7, in the range 2X 10~" to 2.5X10-" sec. 
(A/h) may then be evaluated from Eq. (2) and is 
found to be 2X 10® sec™. 


Cut+(S=};3d°*D) and Gd*+(S =3; 4f7 8S) Solutions 


The dipole-dipole mechanism appears to account 
satisfactorily for observed 7, and 7, for protons in 
Cut + and Gd* solutions.'** The calculated 7,’s are 
consistent with the ion tumbling process (2X10~" 
sec) although that value may be somewhat lower than 
expected for hydrated Gd**, around which the solvent 
stiffening would be expected to be greater than in the 
case of hydrated Cut +. 

On that basis, it is expected that r, for both ions is of 
the order of 10-°—10-" sec. If it were shorter, so that 
Ts<7r, IT; and T, would decrease with increasing tem- 
perature, at least at low temperatures. That does not 
seem to be the case.'?:§ If 7, were much longer than 
10~* sec, it is probable that there would be some spin 
exchange contribution to 7,;-!, although that also 
depends upon the magnitude of A, which could be very 
small, 

McConnell" has estimated 7,,; and 75,2 for the various 
hyperfine components of the Cut + spectrum in aqueous 
solution on the basis of anisotropy of the g- and hyper- 


°9S. Broersma, J. Chem. Phys. 24, 153 (1956) ; 27, 484 (1957). 
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fine interaction tensors modulated by rotation of the 
hydrated ion. The calculated values fall within the 
range 3X10~* to 2X10~ sec for r~3X10-" sec. The 
actual relaxation time is probably an order of mag- 
nitude shorter, because Cut * solutions do not exhibit 
a resolved hyperfine structure in microwave spectra. 

For Gd**+, Weger and Low” report D=0.04 cm™ 
and £=0.004 in LaCl;-7H,O. Using that value of D in 
Eqs. (22) and (23), the value of 7, is found to be 
4—7X10~" sec at 30 Mc, depending upon the choice 
of 7, in the range 2X10~" to 2.5X10~" sec. The 
minimum calculated +, is found at 7,=8X10~" sec. 
A complete calculation of 7, would require consideration 
of the 16-pole and 64-pole interactions, as well as those 
of lower order. However, since we expect that terms 
in D are the most important, the estimate of 7, given 
above is probably satisfactory. 


Nit*+(S=1; 3d* *F), Cot+(S=3; 3d° ‘F), and 
Fe++($=2; 3d° *D) Solutions 


Proton relaxation times in solutions of these ions are 
much longer than in solutions of comparable concentra- 
tion of the ions discussed before. In each case for Nit *, 
and Cot*+, and Fe+*+ one finds 7;~~7, with no fre- 
quency dependence up to 60 Mc, and with a very slight 
increase or decrease (Nit +) with increasing tempera- 
ture.! 

If one determines, without justification, +. from the 
observed 7; with Eq. (1), very short times 7,.=3X 10-” 
sec for Nit +, 5X10—* sec for Cot +, and 10” sec for 
Fe* + would be obtained. It should be emphasized that 
the theory of Sec. II breaks down, if it leads to values 
of r, shorter than the correlation time of the motion in 
the liquid +, [compare Eq. (2.20) of Redfield!’ ]. This 
implies that the instantaneous values of the crystalline 
field interactions D and E are larger than hr,~'. For 
Nit * and Fe* * this is quite reasonable. One has nearly 
complete quenching of the electron spin angular mo- 
mentum at each instant. The true relaxation time of 
e+ * solution may even be longer than the experi- 
mental value quoted in the foregoing, if a few percent of 
Fe** had been present in the experiment.! 

A simple theoretical argument shows that the factor 
between square brackets in Eqs. (1) and (2) should be 
replaced by 107,(1+.,"7.?)~! when quenching occurs 
because h-'Dr,=wer7,>1. The nuclear spin relaxation 
time is increased by a factor (w.,7,)? and is independent 
of the external field because w,, is very large compared 
to the circular Zeeman frequency ws. 

In the case of the Cot + ion with an odd number of 
electrons, the quenching will never be complete since 
the Kramers degeneracy remains. The dominant relaxa- 
tion mechanism, however, will be that resulting from 
transitions between different Kramers doublets con- 
nected by the modulated crystalline potential of the 
kind introduced by Al’tshuler and Valiev.” The argu- 


 M. Weger and W. Low, Phys. Rev. 111, 1526 (1958). 
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ment for Fet*+ and Ni* 
plied to Co? 


A problem related to the quenching of the electron- 


may therefore also be ap- 


spin angular momentum, is the quenching of rotational 
angular momentum J of a molecule in a liquid. In most 
discussions of nuclear spin relaxation, the spin-orbit 
coupling cI-J has been ignored. This is justifiable in 
the case of liquid HF because of quenching of J, al- 
though the coupling constant c is actually quite large. 
Baker and Ramsey* found /A~'c,=71 kc for the proton 
and h~'cpy=320 ke for F in HF. If the spin-rotational 
coupling were a dominant factor the relaxation time 
of F® in pure liquid HF should be 25 times shorter 
than that of hydrogen. Actually the two relaxation 
times are found to be about equal.” 

In other molecules, however, the spin-rotational 
coupling may not be quenched as completely and may 
contribute significantly to the relaxation mechanism. 
It would be of considerable interest to extend the 
theories of relaxation to include the cases in which the 
interactions with electron spin or molecular rotation 
have a magnitude comparable to f7,-". 


IV. DISCUSSION 


In those cases in which data are available for the 
estimation of D according to Eq. (23) the values ob- 
tained are comparable to those reported for crystals 


‘'M. R. Baker and N. F. Ramsey, 
II 5, 344 (1960) 

2T. Solomon and N 
(1956). 


Bull. Am. Phys. Soc. Ser 


Bloembergen, J. 


Chem. Phys. 25, 261 


AND L. O. MORGAN 

containing the appropriate hydrated ions. This in- 
dicates that the instantaneous values of the distortion 
of the water octahedron about the ion have the same 
order of magnitude as in crystals. 

Values of 7, cannot be obtained with any precision 
from Eqs. (22) and (23) on the basis of the tempera- 
ture dependence of 7, alone in the range of magnetic 
field strengths utilized in the experimental work con- 
sidered here. A broad maximum is observed for 
[r»(1+w,?7,?) +47, (1+4w,?7,2)-] as a function of 7, 
centering about 7,=8X10~" sec for w.= 1.210" sec™!. 
On the other hand, variation of w, at a given tempera- 
ture (and 7,) provides the necessary sensitivity. 
Values of 7,(300°K) calculated for Mn++ and V+ 7+ 
solutions, 2.4X10-" and 1.5X10-” sec, respectively, 
from the frequency dependence of 7, are entirely con- 
sistent with the proposed molecular impact process. 
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The microwave spectrum of ten isotopic species of acetyl 
chloride are reported. Internal rotation of the methyl group splits 
some of the rotational transitions into doublets in addition to 
the chlorine hyperfine structure. Analysis of the internal rotation 
splitting gives a barrier to internal rotation of 1296+30 cal 
mole. From the hyperfine structure, the chlorine nuclear quadru- 
pole coupling constants for Cl® along the C—Cl bond axis and 
perpendicular to the plane of symmetry of the molecule were 
determined to be —58.5 and 21.5 Mc, respectively. The corre- 
sponding values for Cl” were —46.4 and 17.2 Mc. These coupling 
constants have been interpreted to give information about the 
double bond and ionic character of the C—Cl! bond. The follow 


INTRODUCTION 


HE present work on acetyl chloride represents part 

of a systematic investigation of the potential 
barrier hindering internal rotation of the methyl group 
in the series CH;COZ. This series includes acetalde- 
hyde,! acetyl fluoride,’ acetyl cyanide,’ acetic acid,‘ and 
acetyl bromide.® The variation of the barrier with the 
group Z in this series of closely related molecules should 
yield some information about the origin of the potential 
barrier. 


EXPERIMENTAL 


The normal mixture of CH;COCI® and CH;COCI*” 
used was a commercial sample. The other isotopic 
species were prepared by the reaction of PCl; with the 
appropriate acetic acid species. Malonic acid was ex- 
changed with D.O and then heated ‘to give CD;COOD 
from which CD;COCI was prepared. CH2DCOCI was 
obtained from CH:DCOOD prepared by the reaction of 
ketene with DO. The C® and O* species were prepared 
from samples of the corresponding acids kindly pro- 
vided by Dr. Louis Pierce who has described their 
preparation elsewhere.” 

The microwave spectrometer used was a conventional 
Hughes-Wilson instrument employing 100 ke square- 
wave Stark modulation. Frequency measurements were 
made with multiples of a 5-Mc signal monitored with 
the 5-Mc standard from Station WWV. The frequen- 

* The research reported in this paper was made possible by 
support extended Harvard University by the Office of Naval 
Research. 

+ Present address: Polychemicals Department, E. I. du Pont 
de Nemours and Company, Washington Laboratory, P. O. Box 
1217, Parkersburg, West Virginia. 

'R. W. Kilb, C. C. Lin, and E. B. Wilson, Jr., J. Chem. Phys. 
26, 1695 (1957). 

2L. Pierce and L. C. Krisher, J. Chem. Phys. 31, 875 (1959). 

‘L. C. Krisher and E. B. Wilson, Jr., J. Chem. Phys. 31, 882 

1959). See Errata, J. Chem. Phys. 33, 304 (1960). 

*W. J. Tabor, J. Chem. Phys. 27, 974 (1957). 

+L. C. Krisher, J. Chem. Phys. (to be published). 


ing structural parameters have been determined from the rota 
tional constants of CH;COCI*®, CH;COCI”, CH;COCI*, 
CH;C*OCI*®, CH;CO8CI®, and CD;COCI®: 

C—H 
C—C 
C=O 
Cc—Cl 


083+0.005 A 
.499+0 010 
192+0.010 
789+0.005 


<CCH 
<CCO 
<CCccl 


110°21’+10’ 
127°S’ +10’ 
112°39’+30’ 


The observed rotational constants of CH,DCOCI* show that the 
equilibrium configuration of acetyl chloride has a methy! hydrogen 
atom opposite the oxygen atom. 


cies of individual lines were reproducible to within 
+0.2 Mc and the splittings of the fine structure to 
within +0.1 Mc. 


OBSERVED FREQUENCIES 


The frequencies of the assigned lines of all the species, 
except the monodeuterated, are given in Table I. The 
spectra of the nondeuterated species is complicated to a 
certain extent by the presence of both the chlorine 
nuclear quadrupole hyperfine structure and the splitting 
due to internal rotation. In the case of the transitions 
involving J values less than 4 the internal rotation 
splitting could not be resolved and, therefore, only the 
chlorine hyperfine splitting was observed. With J 
values greater than 8, only the internal rotation splitting 
was resolvable. At intermediate J values, both the 
chlorine hyperfine structure and the internal rotation 
splitting were observed. In these cases approximate 
values of the chlorine nuclear quadrupole splittings 
were calculated from the coupling constants obtained 
from the low J transitions and these were used to 
assign the individual components. After this assignment, 
the observed splittings were used in the final calculation 
of the chlorine nuclear quadrupole coupling constants. 


STRUCTURE 


The rotational constants and moments of inertia for 
the normal molecule, and the C™, O', and the fully 
deuterated species are given in Tables II and III, 
respectively. The rotational constants were obtained 
from a least-squares treatment using the low J transi- 
tions and those intermediate ones in which the centri- 
fugal distortion correction was small. In some isotopic 
species the use of high J transitions could not be 
avoided as insufficient low J transitions were observed. 
In the case of the O% species, no R-branch transitions 
were observed due to the low concentration of this 
isotope. Therefore, the moments of inertia were cal- 
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TABLE I. Observed frequencies (Mc). 
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MICROWAVE SPEC TRUM OF ACETYL CHLORIDE 


TABLE I.—Continued 
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22 345.20 22 847.27 
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TABLE I.—Continued 
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MICROWAVE SPECTRUM OF ACETYL CHLORIDE 


TABLE I.—Continued 
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‘TABLE I.—Continued 
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culated from the values of (A—C)/2 and « and the 
average value of /,+/,—J, determined in the other 
nondeuterated species. The rotational constants for 
CH;COC1]* were then calculated from the moments of 
inertia. 

An isotopic substitution has been made in every 
position in the molecule. The structure can, therefore, 
in principle be completely determined with only two 
assumptions. These are that the molecule has a plane 
of symmetry and that the CH; group is symmetrical 
about the C—C axis. The coordinates of the two carbon 
atoms and the oxygen and chlorine atoms were first 
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obtained directly by the method of Kraitchman® using 
the observed changes in the moments of inertia of 
normal CH;COC]I* on substitution of these atoms. The 
out-of-plane hydrogen coordinate was obtained using 
the difference between the average value of Ja+/,—I. 
for the nondeuterated and fully deuterated species, 
respectively, as suggested by Laurie.’ The remaining 
hydrogen coordinates were obtained from the differ- 
ences between the moments of inertia of CH;COC]* 
and CD;COCI*. 

6 J. Kraitchman, Am. J. Phys. 21, 17 (1953). 

7V. W. Laurie, J. Chem. Phys. 28, 704 (1958). 
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TABLE IT. Rotational constants (Mc). 





A B Cc 


3393. 
3327. 
3326. 
3261. 
3385. 


CH;COCI|* 
CH;COCI* 
C4H,COCI* 
C83H;COCI” 
CH;C#OCI* 
CH;CO8C]* 
CD;COC]* 
CD,;COCI* 


10 162.39 
10 160.60 
9894 .47 


4946. 
4808 . 
4868 .35 
4731.5 
4932. 
4841. 
4532.7: 
4408. 


9889.14 
10 159.49 


9623.48 3282. 


8758.77 3098 . 


8753.45 3039 


® Assuming Ja+I»—Ic=2.9524 amu A? 

This determination of the structure showed that 
both the chlorine atom and the carbonyl carbon atom 
lie very close to the “a” axis. As a result, the Kraitch- 
man method does not yield accurate values of the ‘‘b”’ 
coordinates. Therefore, the structure was calculated 
in two other ways; (a) without using the CH;COCI” 
moments and (b) without using the CH;COCI 
moments, using the first moment equations in each case 
to obtain the coordinates of the chlorine and carbon 
atoms, respectively. The average values of the struc- 
tural parameters obtained in these three ways are 
given in Table IV. The limits of error given are based 
on the differences in the coordinates obtained by the 
three methods described and on the estimated experi- 
mental errors. The structure of acetyl chloride is 
illustrated in Fig. 1, which also shows the position of the 
principal axes. 

A comparison and discussion of the structures of 
acetaldehyde, acetyl chloride, acetyl fluoride, and 
acetyl cyanide has been given elsewhere.* 


BARRIER TO INTERNAL ROTATION 


The value of the barrier hindering internal rotation 
of the methyl group was determined using the treat- 


TABLE III. Moments of inertia® (amu A?). 


I, Iatls -I, 


CH;COCI* 

CH;COCI|* 

C¥H;COCI* 
C3H;COCI” 
CH;C®OCI* 102 
CH;CO#8C]* 104. 
CD,;COCI* 57.7171 111 
CD;COCI* 


102. 
105. 


9893 .9525 


51.9297 9518 
103.8 


106. 


.9841 9485 


5.0052 2.9565 


.4989 3060 9524 


4265 0051 .9524> 


.5290 1392 . 1069 


114.6828 3391 





® Conversion factor—5.05531105 Mc/amu A?. 
» Assumed (no R-branch transitions observed) 


ACETYL CHLORIDE 


TaBLe IV. Molecular structure of acetyl chloride. 


C—H 
C-€ 





1.083+0.005 A 
1.499+0.010 





110°21’+-10’ 
127°5’ +10’ 
112°39’+-30’ 


ZCCH 
ZCCO 


C=O £CCCI 


1.192+0.010 
1.789+0.005 


C—Cl 





ment of Kilb, Lin, and Wilson' and Herschbach.® 
This assumes a model of a rigid asymmetric framework 
(—COCI) attached to a symmetric rotor (—CHs). 
The potential barrier is taken to be of the form, 


V =(V3/2) (1— cos3a) + (Ve/2) (1— cos6a)++++, (1) 


where a is the angle describing the relative orientation 
of the rotor and the framework. This potential con- 
verges rapidly’ and only the first term was considered 
in the present work. 

In the case of an infinite barrier, each torsional state 
v is triply degenerate. With lower barriers, tunneling 
of the methyl group splits this degeneracy giving a 
nondegenerate ‘‘A” level and a doubly-degenerate 
“E” level. The transitions between the “A” levels 
resemble those of a pseudo-rigid rotor. The £ transi- 
tions have different effective rotational constants and 
also contain odd-order perturbation terms. In the 
present work the odd-order terms were negligible and 
both the A and E series of transitions followed a rigid 
rotor pattern. The barrier to internal rotation can be 
determined from the difference in the rotational con- 
stants for the A and E types of transitions. However 
this procedure is not convenient if the differences in the 
rotational constants are small as in acetyl chloride. In 
this case it is preferable to determine the barrier ‘di- 





Fic 


axes 


1. Orientation of acetyl chloride with respect to principal 


* DPD. R. Herschbach, J. Chem. Phys. 31, 91 (1959). 

9E, Tannenbaum, R. J. Myers and W. D. Gwinn, J. Chem. 
Phys. 25, 42 (1956). 

1 R, E. Naylor and E. B. Wilson, Jr., J. Chem. Phys. 26, 
1057 (1957). 
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TABLE \ Mc 


Observed internal rotation splittings 


rransition CH;COCI CH;COC! C83H;COCI* 


J tie Ai : Ai | Ai | 


1306 
1300 
1296 


1274 


rectly from the splitting of each transition using Eqs. 
(13) to (16) of Swalen and Herschbach." 

In this method, the 
expanded as 


energy level differences are 


AW =W.-W; OW /0A)AA+ (OW /0B) AB 
+ (dW /dC) AC 


AA = Ag— Ag=(hdalo/80'rl 2) A(1+4F p,) 


and similarly for AB and AC, where /, is the moment 
of inertia of the methyl group about its symmetry 
axis, A, are the direction cosines of the top axis with 
respect to the principal axes, 7, are the principal 
moments of inertia of the entire molecule, and 


r=1—>r71 4/1). 


If the rigid-rotor energy levels are written in the 
form 


usual 


W =3(A+C) J(J4+1)4+3(A—C) E(«), 


then 


OW /dA =3} J (J+ 1) + E(x) +(x+1)[0E(«) OK }} 


OE(k) 


OW /dB= 


OK 


dW /aC =3{ J J+1) — E(x) +(x—1)[0E(x«) Ox |}. 


With these expressions, AA, AB, and AC can be cal- 
culated from the observed splittings. The barrier 
'3=9Fs/4 is then determined from the structure and 
the value of s corresponding to the observed value of 
A(1+4Fp,). 

In the present case AC is zero since the axis of 
rotation of the methyl group is perpendicular to the 


J. D. Swalen and D. R. Herschbach, J. Chem. Phys. 27, 100 


(1957) 
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and corresponding barrier (cal/mole). 


C3H,COCI* = CH;C"0CF CH;C80CI = CH8CO8CI 


Av | Av V3 Av V; Av | 


4.10 1308 


3.58 1306 


1340 


6.06 1288 6.06 1296 1309 


1313 


1296 


“ce” axis. The ratio AB/AA can be determined from 
the structure of the molecule and the moments of 
inertia. Equation (2) can, therefore, be written 

AW =AA}(dW/0A)+d(0W/0B)}, 
where d=AB/AA. AA and, hence, 
calculated from each splitting. 

The barrier corresponding to each resolvable splitting 
was calculated in this way. The results are given in 
Table V. Table VI gives the average values for the 
different species together with the structural factors 
used. The agreement among the values obtained for a 
given species and between the average values is very 
satisfactory. In view of possible uncertainties in the 
structure which would affect these values, it is felt that 
the average barrier for all species should be expressed 
as 1296+30 cal/mole. This value is remarkably close 
(—9 cal) to that found in acetyl bromide’ and only 86, 
146, and 216 cal/mole greater than the values for the 
barrier in acetyl cyanide,’ acetaldehyde,' and acety] 
fluoride,” respectively. This small variation inthe barrier 
with large changes in the size and electronegativity 
of the group Z in this series (CH;COZ) suggests that 
the barrier cannot be primarily due to steric repulsion 
or electrostatic interaction. 


V; can thus be 


EQUILIBRIUM CONFORMATION 


The moments of inertia of the nondeuterated and 
fully deuterated species are independent of the relative 
orientation of the methyl group and the rigid COCI 
framework. However, in a species having an asym- 
metric methyl group, for example, CHD, the over-all 
moments of inertia will depend upon the orientation of 
this group with respect to the framework. The spectrum 
of CH,.DCOCI was, therefore, studied in order to deter- 
mine the equilibrium conformation of acetyl chloride. 
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TABLE VI. 


CH,COC|* CH;,COCI* C8H;COCI]* 


1.6867 K 10° Mc 1.6854 1.6874 


0.48659 0.48379 0.51104 


0.87363 0.87518 0.85955 


2 


3.1158 amu A? used for all species 


1295 1295 1287 


The moments of inertia of this isotopic species were 
calculated for two different possible equilibrium con- 
formations: Case I, in which a methyl hydrogen eclipses 
the oxygen atom, and case I, in which a methyl hydro- 
gen eclipses the chlorine atom. For each case two isomers 
exist. In one the deterium atom is in the plane of the 
framework and in the other it is out of the plane. 
These two isomers are designated as sym- and asym- 
CH.DCOCI. 

Table VII gives the observed spectra of the 
CH»DCOCI®. No lines of CH2_DCOCI” were assigned. 
In most cases the chlorine nuclear quadrupole hyper- 
fine splitting could not be resolved due to insufficient 
concentration of the isotopic species. In these cases, the 
frequency of the strongest central component is given. 
Where more than one line was resolved, the hyperfine 
splitting was corrected for using coupling constants 
estimated from those given in the next section. Although 
in either case, the two equivalent asymmetric forms 


TABLE VII. Observed transitions* of CHe2DCOCI® (Mc). 


sym-CH,DCOCI*® asym-CH»DCOCI* 


25 


926 


O56 %s 


1025 10,7 


1057 1046 26 
® Frequencies listed are those obtained after correction for the chlorine hyper 
fine structure 


OF ACE] L CHLORIDE 


Internal barrier and structural constants. 


C8H,COCI? = CH;C"OC ——sCH;C#OCI* CH, CO#CF 


6853 1.6866 1.6853 1.6825 


.50729 0.48532 0.48252 0.44437 


86148 0.87433 0.87589 0.89584 


1301 1283 1296 1315 


possible could have given rise to doublets in the rota- 
tional spectrum of asym-CH,DCOCI, none were ob- 
served. 

The moments of inertia obtained from these transi- 
tions are given in Table VIII. The values calculated 
from the structure for the symmetric and asymmetrical 
isomers of cases I and II in the foregoing are also given. 
Comparison of the experimental and calculated values 
shows conclusively that case I, methyl hydrogen 
eclipses oxygen atom, is correct. This equilibrium 
conformation is the same as that found in acetaldehyde, 
acetyl fluoride and acetyl cyanide. 

CHLORINE NUCLEAR QUADRUPOLE COUPLING 

CONSTANTS 


The analysis of the chlorine nuclear quadrupole 
hyperfine structure was carried out in terms of the 
coupling constants, xXaa, x, and x... These are defined 
aS Xaa=eO(0?V/da*) etc., where Q is the chlorine 
nuclear quadrupole moment and 6?V/da? is the field 
gradient along the “a” principal axis. Only two of the 
coupling constants are independent, but it is convenient 
for discussion to retain the three constants. 

For the purposes of computation the expression for 
the first-order interaction energy” was written in the 


form 


| Y(F) 
| J(J+1)' 


OE(xk) 


Eg( J, F) = | (xa fa J+1) -3( 


: OE (xk) 
+ (xm xe) Ble) =H )| 
OK 


OK 
(9) 


TABLE VIII. Comparison of observed and calculated moments of 
inertia* of CH2DCOCI]* (amu A?). 


Calculated 


Observed Case I Case IT 


50.6867 
107 .7482 
155.4390 


53.7490 
102.6333 
153.2664 


50. 
107. 


155. 


6805 
7153 
2800 


T,-sym 
Ty-sym 
I.-sym 


53.5241 
103 .8676 
153.0461 


53 
103 
152 


.4938 
.9828 
.9047 


T,-asym 
Iy-asym 
«asym 


51 
106 
154. 


9689 
7161 
2726 


® Conversion factor: 5.05531108 Mc/amu A? 


2 J. K. Bragg and S. Golden, Phys. Rev. 75, 735 (1949). 
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laseE IX. Chlorine nuclear quadrupole coupling constants (Mc).* 


CH;COCI® CD;COCI® CH;COCI CD;COCI 


Nos — 58.0 ae 
Xbb 36.4 
Xce 21.6 
i 59.2 
Tou ai. 
x 


—45.5 —42. 
28.5 za: 
Ly; We 

— 46. ~46.; 
29. 28. 
17. he 

6°17’ 12713" 


ye eet Gd 


,Omowumnrwu 
HW mt OV ¢ 


“Mmm ssh 


= 21.6 
6 6°28’ 


_ 
Nm 


* Xaa etc. are the observed values along the principal axes a, b, and c. xrretc. 
are the values obtained after transformation to the system x, y, 2, where the x 
axis coincides with the C—Cl bond and the z axis is perpendicular to —COCI 
plane. # is the angle between the “ 


a” and “‘x”’ axes. 

The values of xXea and x,. were then obtained by a least- 
squares treatment of the resolved hyperfine structure 
of the low J transitions. The hyperfine splittings of 
transitions involving J values greater than 5 were not 
used in this calculation as they are not very sensitive 
tO Xaa and x--. For this reason also the coupling con- 
stants for the C and O' species could not be deter- 
mined. 

In order to relate the coupling constants to properties 
of the carbon-chlorine bond, it is necessary to obtain 
the values of the constants along the bond axis. These 
values were obtained by transformation from the 
principal axes a, b, and ¢ to the system 2, y, and 2, 
where the x axis coincides with the C—Cl bond and 
the z axis is perpendicular to the plane of the framework, 
using the equations 


Xrr COS*O+ x, SIN’?A = Xa2 


Xzzr sin’@+-x,,, Cos’?O = xp, (10) 
where @ is the angle between the a and x axis; Xcc is 
invariant to this transformation. The observed values 
of Xa etc. and the values calculated for x,: etc. are 
given in Table IX. The error in yaa, x and Xe is 
estimated to be +1 Mc. 

The ratio between the average x:2 for CH;COCI|* 
and CD;COCI]*, and the average xzz for CH;COCI* 
and CD;COCI* is 1.26. The corresponding x,,, ratio is 
1.27. The ratio of the published values of the quad- 
rupole moments of Cl* and Cl* is 1.2688. 

The transformation discussed in the foregoing 
assumes that the principal axis of the quadrupole tensor 
coincides with the bond axes. Since the coupling con- 
stants have been determined for both the CH;COCI 
and CD;COCI species, it is possible to check this 
assumption. 

It can be shown that 
tan2@= (sin2A){ K’[ (x 


— x)/(x'aa— x’) J— cos2A}, 


(11) 


‘SC. H. Townes and A. L. Schawlow, Microwave Spectroscopy 
McGraw-Hill Book Company, Inc., New York, 1955). 
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where ¢ is the angle between the principal axis of the 
nuclear quadrupole tensor and the “a” axis in the 
deuterated species, A is the rotation of the inertial 
axes in going from the nondeuterated to the deuterated 
species, Xoa and x are the coupling constants along 
the “‘a’”’ and “‘b” axes and are unprimed for the nondeu- 
terated and primed for the deuterated species and K’ 
is the ratio which converts the nuclear moment of the 
chlorine species in the unprimed form to that occurring 
in the primed form. The angle ¢ obtained using this 
expression can be compared with the angle between 
the bond direction and the “a” axis for the appropriate 
species. If the quadrupole tensor axis coincides with the 
C—C] bond axis then these two angles will be the same. 

The average value of @ obtained for CD;COCI* 
using the data for this molecule and CH;COCI® and 
CH;COCI* is 15°48’. In the case of CD;COCI” the 
average value is 13°54’. The corresponding angles 
between the C—Cl bond and the ‘‘a” axis are 12°36’ 
and 12°13’. The estimated errors (+1 Mc) in the 
coupling constants introduce an error of between 
+4° and —S° in the calculated value of ¢. Thus it can 
only be concluded that, in the present case, the principal 
axis of the quadrupole tensor is within about 5° of the 
bond axis. 

The effect of this uncertainty in the direction of the 
quadrupole tensor axis on the calculated values of the 
coupling constants along the bond axis has been 
determined. In the case of the nondeuterated species an 
uncertainty of +5° results in an error of —3 and +1 
Mc, respectively, in xz2. In the deuterated species the 
corresponding error is +3.5 Mc. 

It is clear from the difference between the values of 
Xv and x,, that there is not axial symmetry about the 
C—Cl bond as would be expected for an unperturbed 
a bond. The departure of the field gradient from axial 
symmetry is in the direction expected for electron loss 
from the 3p, chlorine orbital. Such a loss can be repre- 
sented by the contribution to the ground state by the 
resonance structure I shown in the following. If the 
electron loss from the 3, orbital contributes x..7 to 
X::, then it makes a contribution of —4y..% to each of 
Xrr ANd Xj. Thus, X22? =3(x-2-—Xy,) May be evaluated 
as 10.2+3 Mc using the average values of x.: and xXyy 
for CH;COCI*® and CD;COCI® and taking into ac- 


count the possible errors in x., and x,,. Since complete 


removal of an electron from a 3p, atomic orbital for 
the chlorine atom leads to a coupling constant of 
— 109.74 Mc," the value of x..* can be interpreted as 
indicating 9.343% electron deficit for the chlorine 
3p. orbital. This corresponds to 9.343% double-bond 
character in the C—Cl bond. 

The low negative value of xz; indicates that on a time 
average the chlorine 3, orbital contains more than one 
electron, or the presence of considerable s character in 
the chlorine atomic orbital used in bond formation. 


4G. H. Townes and B. P. Dailey, J. Chem. Phys. 23, 118 
(1955). 
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The electron gain can be represented by the contribu- 
tion of the resonance structure II. 


Or 


Cl 

In order to estimate the amount of this ionic or s 
character, it is necessary to correct xz: for the contribu- 
tion arising from the electron deficit in the 3p, orbital. 
This electron deficit results in a contribution x,.7 along 
the z axis and — }x,,* along the x and y axes. Therefore, 
X2r(corr.) =xz2(obs) +4y.,7. From x,,/ obtained in the 
foregoing and the average value of xz: for CH3;COCI* 
and CD COCI*, x.:(corr.) =—63.6+4.5 Mc, taking 
into account possible errors in x..? and xz. If the 
chlorine orbital is taken to be a pure orbital, this value 
of 63.6+4.5 Mc corresponds to 42+4% ionic character. 
It is probable that the bond contains a certain amount 
of s character but the amount cannot be determined. 

The value of x: in acetyl chloride may be compared 
with —74.77 Mc in methyl chloride, — 70.07 Mc in 
ethyl chloride,"® and —70.16 Me in vinyl chloride.” 

‘6 J. Kraitchman and B. P. Dailey, J. Chem. Phys. 22, 1477 
(1954). 

16 R. S. Wagner and B. P. 
(1957). 


7T). Kivelson, E. B. Wilson, Jr., and D. R. Lide, Jr., J. Chem. 
Phys. 32, 205 (1960). 


Dailey, J. Chem 


Phys. 26, 1592 


GF ACETYE CHLORIDE 861 
In the case of vinyl chloride, the observed coupling 
constants indicated about 6% double-bond character 
in the C—C] bond. The present work, therefore, shows 
that there is a greater conjugation between the carbon- 
chlorine bond and the carbon-oxygen double bond in 
acetyl chloride than between the carbon-chlorine bond 
and the carbon-carbon double bond in vinyl chloride. 
In addition, the amount of ionic character is also 
greater in acetyl chloride than in methyl chloride, 
ethyl chloride or vinyl chloride. 

The C—Cl bond length in acetyl chloride is 1.789 A 
which is 0.008 A greater than the value in methyl 
chloride.’ One would expect the contribution of 
resonance I to shorten the C—Cl bond. 
Apparently the contribution of structure II must cancel 
out any shortening due to conjugation. 


structure 
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Theoretical considerations suggest that the absorption and emission spectra of certain dyes may be shifted 
by hundreds of angstroms upon application of a strong electric field. The effect could be called “electro- 
chromism,” in analogy to “thermochromism” and “photochromism.” The theory of the effect is outlined 
and is discussed in terms of compounds which might be expected to show it most strongly. 


HEORETICAL that the 


absorption and emission spectra of certain dyes 


considerations suggest 
may be shifted by hundreds of angstroms upon applica- 
tion of a strong electric field. 

This effect “electrochromism,”’ in 
analogy to ‘‘thermochromism” and ‘“‘photochromism”’ 
which describe changes of color produced by heat and 
by light. The present paper is intended to outline the 
theory of this effect, to show how large it might be 


could be calle d 


expected to be and what kinds of compounds might 
exhibit it most strongly, and to suggest that an experi- 
mental search for it might be desirable. 

Electrochromic effects are expected in conjugated 
organic dyes of the dipolar linear-chain type, like the 
merocyanines studied by Brooker and co-workers.! 
The spectra and excited states of these compounds can 
often be shifted thousands of angstroms by solvent and 
polarization effects. The qualitative theory of these 
shifts has been given by Brooker and Simpson? and the 
quantitative prediction of the peak wavelengths and 
shape of the absorption curves has been given by Platt.’ 

The merocyanine dyes are of the general type 

O=CH—CH=CH CH=CH—NF). (1) 
Their formulas can also be written with a second, 
dipolar-ionic, structure, 

O—CH=CH—CH=: : -=CH—CH=NH:*. (IIT) 

Their spectral shifts depend on the fact that a 
conjugated chain of N atoms has a maximum wave- 
length of its first absorption peak when it can be 
written with two extreme resonance structures that 
are equivalent.! This “isoenergetic wavelength,” Xz, 
is near Ay=N(500 A), or at about 7500 A for a 15- 
atom chain. The exact wavelength also depends some- 
what on the terminal groups, commonly aromatic 
ring systems, of which the N and O atoms are a part; 
but this need not concern us here. When the extreme 


* Based in part on work done at Bell Telephone Laboratories, 
Murray Hill, New Jersey, Summer of 1958 
1'L. G. S. Brooker, G. H. Keyes, R. H. Sprague, R. H. Van 
Dyke, E. Van Lare, G. Van Zandt, F. L. White, H. W. J. Cress- 
man, and S. G. Dent, Jr., J. Am. Chem. Soc. 73, 5332 (1951); L. 
G.S. Brooker, G. H. Keyes,and D. W. Heseltine, zbid. 5350(1951). 
2. G. S. Brooker and W. T. Simpson, Ann. Rev. Phys. Chem. 
2, 121 (1951 
J. R. Platt, J. Chem. Phys 


25, 80 (1956 


resonance structures are nonequivalent, the peak is 
shifted to shorter wavelengths and higher energies, 
reaching its shortest position (commonly at 5000 A 
or less) for molecules such as polyenes, Hx.C=CH 

CH=CH—-:- 


structure 


CH=CH), where a single resonance 
dominates the ground state. H. Kuhn‘ 
showed that this increase of energy is due physically to 
the alternation of single and double bond lengths, 
which produces a Brillouin gap when one resonance 
structure is dominant. 

In a given solvent, the formula for the spectral 
energy FE of the first absorption peak is 


F?= EP+(br—br)?, (1) 


where F; is the spectral energy of the isoenergetic 
wavelength of a given chain length, and 6; and bp are 
the basicities of the terminal groups on the left and 
right ends of the chain, expressed in energy units. The 
difference (b;—br) measures quantitatively the sta- 
bilization of one of the two extreme resonance structures 
relative to the other. 

The merocyanine dyes are unusual in that one of the 
structures, the nonpolar one, may be the most stable 
one in a nonpolar solvent such as benzene or hexane; 
while the other structure, the polar one, may be the 
most stable one in a polar solvent such as water, which 
reduces the Coulomb energy of charge-separation. In a 
series of mixed solvents of increasing polarity, the 
(b,—bp) value of some of these dyes can therefore be 
changed essentially continuously from a negative value 
in a nonpolar solvent through a zero value to a positive 
value in a polar solvent. As Eq. (1) shows, the peak 
wavelength of absorption (or emission) is then shifted 
from a short wavelength (high energy) in nonpolar 
solvents to progressively longer wavelengths until it 
reaches the isoenergetic wavelength and energy E, 
where (6;—bpr) is zero, and then it is shifted back 
toward short wavelengths again in the polar solvents. 
In those molecules that are fluorescent, the emission 
peak should be at slightly longer wavelengths than the 
absorption peak and should shift correspondingly. 

The greatest wavelength shifts are obtained when 
(b,—bpr) is nearly zero in one of the extreme solvents, 


'H. Kuhn, Chimia (Switz) 2, 1 (1948); J. Chem. Phys. 17, 
1198 (1949). 
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say a nonpolar one, and when this quantity grows 
steadily to very large positive or negative values in the 
other extreme solvent, the polar one. Cases of this 
type are the dyes 


O 
C—O 
\ 


=(CH—CH=) ;C 


——— 


C==N 
Ph 


[designated (22)—(24), n=3, in the works cited in foot- 
notes 1 and 3], and 


~ 


pe x: en ed 


MeN< 


‘Ne —— 


yi 
>==( ) 


a 


(IV) 


[designated (22-HS) in the work cited in footnote 3 
and (II) in the work cited in footnote 1b }. 

The peak absorption wavelength of Dye III shifts 
from 7100 A in pyridine to 4875 A in water. [The 
(b:—br) values are 4000 cm™ and 16000 cm™) re- 
spectively, and F; is 13 500 cm~, with Ay at 7200 A]. 
The peak of Dye IV shifts from 6000 A in pyridine to 
4450 A in water. [The (6,—)g) values are 3800 cm™ 
and 16 000 cm“, respectively, and Ey is 16 000 cm™, 
with A; at 6250 A. | In both cases, the (6,—bpg) values 
change by about 12 000 cm™, that is, by about 1.5 ev, 
between the two solvents. Dyes such as Indophenol 


Blue (V) 
M e.N rs 
i 


also show large shifts.® 

The electrochromic effect anticipated here is the 
possible production of similar spectral shifts by chang- 
ing the relative energy of the two resonance structures 
of such a dye by use of an electric field instead of a polar 
solvent. The obvious generalization of Eq. (1) for an 
applied electric field is 


FE? = E?+ (b1—bet+V ie)’, (2) 


where Vp is the potential difference between the left 
and right ends of the chain, representing an added 
energy difference between the two resonance structures. 

In a fluid medium, even small electric fields will tend 
to orient the chains, as in the Kerr effect, producing 
double refraction; but there is then no change of color 
except in polarized light. The size of this effect is, of 
course, dependent on temperature as well as on dipole 


5L. G. S. Brooker and R. H. Sprague, J. 


\m. Chem. Soc. 63, 
3214 (1941). 
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moment and field strength. The electrochromic effect 
described here would be an additional change of color 
produced in the most oriented chains. In rigid media, 
molecules oriented with their dipoles along the field 
will have their dipolar structures stabilized; those 
oriented with their dipoles against the field will be 
destabilized; the spectral shifts should be opposite in 
these two cases. In fluid media, most of the molecules 
will of course tend to be oriented with the field rather 
than against it. 

Presumably the electrochromic spectral shifts for 
Dyes such as III and IV in a nonpolar solvent should 
become comparable to the solvent shifts just quoted 
for these dyes, when the electric field reaches strengths 
of the order of the maximum solvent-induced basicity 
difference, that is, about 1.5 v per molecular length. 
In Dyes III and IV, this would be about 10’ v/cm. 
Indeed for Dye IV in pyridine, judging by Brooker’s 
data, fields only 1/100 this large should produce an 
easily detectable wavelength shift of about 100 A and 
a peak intensity change of about 20%. [Because of the 
quadratic nature of Eq. (2), the dyes most sensitive to 
small fields should be those where (b;—bg) is large in 
the nonpolar solvents and small in polar ones; but 
Brooker does not describe any particularly favorable 
cases of this kind ]. These expected field strengths for 
producing a detectable effect appear to be below the 
breakdown strength of clean nonpolar solvents and 
plastic insulating materials. The spectral shifts in 
transparent dielectrics might have considerable value 
for studying local fields inside these materials. 

Some of Brooker’s later papers® describe the so-called 
“cruciform dyes” which have two steric configurations 
with different spectra, one configuration having a large 
dipole moment and one having a small one. The equilib- 
rium between these two forms could again be shifted by 
an electric field to produce a change of color in either 
absorption or emission. The electrochromic effect in 
this case might have some technical applications, but 
it promises to be of somewhat less fundamental interest 
because it involves a geometrical rearrangement and 
is not a pure electronic shift; the rearrangement would 
probably also be hindered in rigid media. 

All these electrochromic effects should have very 
fast time constants, no more than about 10~ sec for 
geometrical rearrangements in low-viscosity systems, 
and much faster than this for pure electronic shifts. 

It appears that an experimental search for electro- 
chromic effects on the absorption and emission spectra 
of such dyes and other organic and inorganic compounds 
might turn up phenomena of considerable interest and 
value. 


6 L. G. S. Brooker, F. L. White, D. W. Heseltine, G. H. Keyes, 
S. G. Dent, Jr., and E. J. Van Lare, J. Photographic Sci. 1, 173 
(1953) and patents. 
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The pulsed magnetic resonance technique was employed to measure the electron spin relaxation times 
I, and T> in solutions of sodium and potassium in liquid ammonia. Measurements were carried out over a 
range of temperatures from —50°C to +30°C, and for the concentration range of 10‘ to 10-? mole metal 
per mole NH. It was found that 7; and T>2 are equal at all measured concentrations and temperatures, 
these times ranging from 1 to 3 usec. For dilute solutions, the data are shown to be quantitatively con 
sistent with the assumption that the relaxation is owing to the contact hyperfine interaction of the electrens 
with the N* nuclei of ammonia. This interaction is modulated by the relative motion of the electrons and 
the ammonia molecules, the spin relaxation time being proportional to the modulation rate, as is typical in 
cases of extreme motional narrowing. An electron tunneling mechanism is proposed as a possible source of 
the modulation. That the electron-nitrogen hyperfine interaction is largely responsible for the spin relaxation 
in dilute solutions is verified by measurements on a sample prepared from isotopically substituted am- 
monia (NH;). A qualitative explanation of the variation of the electron spin relaxation time with con 


centration is proposed. 


INTRODUCTION 


HE alkali metals, and to a lesser extent certain of 

the alkaline earth metals, dissolve readily in liquid 
NHs. The solutions thus formed have many interesting 
and remarkable physical properties and hence have 
been the subject of research over a period of almost 100 
years. However, the explanation of the unusual proper- 
ties of metal-ammonia solutions is still a matter of 
considerable controversy. A variety of models have 


been proposed, but none of these has escaped valid 
objection based upon experimental evidence.' 

With the invention of the magnetic resonance tech- 
nique, a powerful tool for experimental investigation of 


these solutions became available. The resonance 
method provides detailed information about the micro- 
scopic environment of electrons and nuclei within the 
sample being studied; such data naturally put previous 
models to a severe test, and provide an excellent basis 
for new theoretical development of an improved model. 
It would not be surprising if magnetic resonance data 
will eventually lead to a satisfactory theory of metal- 
ammonia solutions. 

The most crucial question in the theory of metal 
ammonia solutions concerns the fate of the alkali-metal 
valence electron upon solution. It is generally conceded 
that in the most dilute solutions the electron is dis- 
sociated from its parent ion, and is trapped in some 
kind of bound structure or cavity among the ammonia 
molecules. This conclusion is 


based largely upon 
ob ¢ 


* This work was supported by the U. S. Air Force through the 
Air Force Office of Scientific Research of the Air Research and 
Development Command, and by an equipment loan contract 
with the Office of Naval Research. Some of the apparatus was 
provided by a grant from the Alfred P. Sloan Foundation. 

+ Most of the results reported herein are taken from the au- 
thor’s Ph.D. thesis, Washington University, St. Louis, Missouri, 
1960. 

t Now at Schlumberger Well Surveying Corporation, Houston, 
Texas. 

1 The most recent review article on this subject is by M. C. R 
Symons, Quart. Rev. (London) 13, 99 (1959). 


electromotive force and electrical conductance studies. 
The most recent detailed theory of such a cavity model 
is due to Jortner.? 

The properties of concentrated metal-ammonia solu- 
tions resemble those of a liquid metal—e.g., a saturated 
solution of K in NHs has a conductivity about half that 
of liquid mercury. Here it is agreed that the electrons 
occupy energy levels in a conduction band. 

The electron spin resonance in metal-ammonia solu- 
tions has been observed and measured by a number of 
workers, using various solute metals and working at 
temperatures ranging from below the ammonia melting 
point (—78°C) to room temperature.** The nature of 
the spin relaxation mechanism has, however, not been 
previously established. The outstanding feature of the 
resonance is its extraordinary sharpness—in dilute 
sodium and potassium solutions at room temperature 
the ESR line is closely Lorentzian in shape, and has a 
width (6H) of about 0.02 oe between points of maxi- 
mum slope. The relaxation time 7: corresponding to 
this width is 


T2=2[V3y (5H) F'=3 usec, 


the quantity y being the gyromagnetic ratio of the 
electron, and having the value of 17.6 10° oe~! sec. 

The purpose of the work reported herein is to estab- 
lish the source of the observed linewidths, i.e., to 
identify the dominant spin relaxation mechanisms. To 
this end, precise measurements of transverse relaxa- 
tion time 7» as well as of the spin-lattice relaxation 
time 7; were carried out as a function of temperature 
and concentration for dilute and moderately dilute 
solutions of sodium and potassium metal. The pulsed 

2 J. Jortner, J. Chem. Phys. 30, 839 (1959). 

3C. A. Hutchison and R. C. Pastor, J. Chem. Phys. 21, 1959 
(1953); Revs. Modern Phys. 25, 285 (1953). 

4D. E. O’Reilley, Ph.D. thesis, University of Chicago, Chi- 
cago, Illinois, 1955, microfilm order No. T-2964. 


5R. A. Levy, Phys. Rev. 102, 31 (1956). 
®R. J. Blume, Phys. Rev. 109, 1867 (1958). 
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magnetic resonance technique’® was employed, using 
a frequency of 30 Mc and a field A of 11 oe. Our 
data overlap, at certain points, the earlier data,3~® and 
in the section on experimental results we compare the 
various results. 

Our interpretation of the experimental data in dilute 
solutions follows the method of Kaplan and Kittel,® 
but differs from the latter in that the relaxation mecha- 
nism is assumed to be the contact hyperfine interaction 
of the electrons with the nitrogen nuclei of ammonia. 
We then verify this hypothesis experimentally by 
relaxation time measurements on a sample prepared 
from NH; in place of ordinary ammonia. An electron 
tunneling process is suggested as a possible mechanism 
for modulation of the interaction, and is shown to be 
consistent with the known electrical conductivity. 

Finally, for solutions of higher concentration, a 
qualitative explanation of the variation of spin relaxa- 
tion times with concentration is given. 


EXPERIMENTAL APPARATUS AND TECHNIQUE 


By and large our experimental method is similar to 
that of Blume.® We have refined Blume’s technique so 
as to increase the precision and widen the scope of the 
relaxation time measurements. We shall limit ourselves 
in this section to describing briefly those features of our 
experimental method which differ from that of Blume. 


Samples 


Various methods of preparing and analyzing metal- 
ammonia samples have been described in the litera 
ture.**.!° All samples used in the present work were 
prepared and analyzed for us under the direction of 
Professor S. I. Weissman of the Washington University 
Department of Chemistry. Their procedure is as fol- 
lows. 


Alkali metal is forced into glass capillaries of known 
diameter. The desired amount is then obtained by 
breaking off a piece of the capillary having the ap- 
propriate length. This metal-filled piece is then intro- 
duced into a vacuum system. The metal is now triply 
distilled, the last distillation taking the metal up into 
the high-pressure glass tube which is to contain the 
metal-ammonia sample. The bottom of this sample 
tube is sealed, and liquid ammonia from a reservoir 
in another part of the vacuum system is distilled over 
into the sample tube, filling it to the desired level. The 
liquid ammonia in the reservoir has itself been purified 
by dissolving alkali metal therein. Finally, the top end 
of the sample tube is sealed, while the end containing 
the metal-ammonia solution is held at liquid nitrogen 
temperature. 

7E. L. Hahn, Phys. Rev. 80, 580 (1950). 

8H. Y. Carr and E. M. Purcell, Phys. Rev. 94, 630 (1954). 

® J. Kaplan and C. Kittel, J. Chem. Phys. 21, 1429 (1953). 


10 F, J. Dewald and G. Lepoutre, J. Am. Chem. Soc. 76, 3369 
(1954). 


RELAXATION 865 

The high-pressure glass tubing has an outside diam- 
eter of } in. (nominal), a wall thickness of 5/64 in., and 
is rated as being capable of withstanding pressures up to 
500 psi. The vapor pressure of NH; at +30°C is only 
170 psi; however, experience showed that the inevitable 
strains developed in the glass at the sealed ends make 
the sample tubes considerably less pressure resistant 
than the manufacturer’s rating indicates. Some ex- 
perience is required on order to make sealoffs that are 
consistently safe at room temperature. 

Solutions of metals in liquid ammonia are metastable. 
The reaction 


2Me+2NH;—3MeNH:2+ He 


eventually goes to completion, and renders the solu- 
tions diamagnetic. The metal-amide is not very soluble 
in NHs, and after sufficient deterioration has taken 
place, its presence can be detected visually as a white 
precipitate. Certain impurities catalyze the above 
reaction,” making it necessary to prepare the solutions 
with considerable care. Deterioration was minimized 
by storing samples at dry-ice temperature and by 
taking data as soon after sample preparation as pos- 
sible. Samples were visually inspected for the presence 
of the amide precipitate before and after taking data. 

Precise sample concentration was determined after all 
other data had been completed. First the sample and 
its container were weighed. The glass container was 
then broken, the ammonia allowed to evaporate, and 
the amount of residual alkali metal measured by a 
chemical method, ending with a titration. This infor- 
mation, plus the weight of the empty container then 
allow the concentration to be calculated. 

Our sample of Na-N“H; was prepared using ammonia 
gas containing 95+% NH." 


Static Field 


A homogeneous static magnetic field Hp of about 11 
oe was provided by a set of Helmholtz coils of 12 in. 
radius. A current-regulated power supply was designed 
to supply a stable coil current of about 0.9 amp at 16 v. 
The homogeneity of the Hp field over the volume of the 
sample, as well as its stability, were both good to better 
than one part in 10*, as required for this experiment. 


Pulsed Radiofrequency Field 


A pulsed alternating 30 Mc magnetic field, perpen- 
dicular to Hy and about 1 oe in amplitude, was pro- 
duced by sending a pulsed rf current of about 3.5 amp 
(peak) through an appropriate configuration of con- 
ductors (see Fig. 1). The relaxation time J». was 
measured as the time constant of the deacy of the 
electron free-precession signal following a 90° pulse.’ 
The 90° rotation of the magnetization is achieved by 
adjusting the amplitude of an rf pulse having‘a duration 


1 Purchased from Isomet Corporation, Palisades Park, New 
Jersey. 
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of 0.2 usec, corresponding to about 6 cycles. In meas- 
uring the longitudinal relaxation time 7}, the 180°-90° 
pulse method® was used, as in Blume’s work. A 0.4 usec 
variable duration pulse served to produce the 180° 
rotation of the magnetization.” The time interval be- 
tween the two pulses was varied by making use of the 
precision variable-time-delay circuit of a Tektronix 
type 535 cathode-ray oscilloscope. Calibration of this 
time base was occasionally checked against a crystal- 
controlled Tektronix type 181 time-mark generator. 

The experiment was performed at a repetition fre- 
quency of 400 cps. 


Receiver System 


Figure 1 shows a semischematic representation of the 
crossed coil assembly and receiver input circuit. The 
receiver coil, in which the emf resulting from the 
precessing magnetization of the sample is induced, is 
shown in the figure as a small coil with axis parallel to 
the transmitter wires. The combination of a grounded 
exectric shield and “paddle” serve to eliminate 
electric coupling between transmitter and_ receiver. 
Magnetic coupling is minimized by mechanical adjust- 
ment of the receiver coil axis. 

It will be noted that a double-tuned input circuit is 
employed. This circuit was adjusted to critical coupling 
and has a bandwidth of about 2 Mc. The bandwidth 
of the succeeding amplifier is 4.4 Mc. The double-tuned 
input circuit has, in general, two advantages: (1) the 
impedance presented to the input stage of the amplifier 
can be made optimum, even though a low-impedance 
connecting cable is used, thus achieving an amplifier 
noise figure approaching unity, and (2) a nonlinear 
broadbanding element can be introduced in the position 


Blume has shown that this method of measuring 7; is ap 
plicable even though the pulse durations are not negligibly short 
compared to the relaxation times, provided the Bloch equations 
are obeyed. 

EF, E. Terman, Radio Engineer's Handbook (McGraw-Hill 
Book Company, Inc., New York, 1943), p. 134. 

14 A broadband tuned circuit (Fig. 1) was used as a “paddle.” 
This is a modification of the design used by H. E. Weaver, Phys. 
Rev. 89, 923 (1953). j 
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shown in Fig. 1 without deleterious capacitive loading. 
Considerable success was, in fact, achieved by use of a 
(selected) Raytheon type 1N307 diode as the broad- 
banding element. For small signals, this diode was 
equivalent to a resistance of about 4000 ohms at room 
temperature. For the undesired large-amplitude signals 
picked up from the transmitter, the low forward re- 
sistance of the diode served to broadband the input 
circuit further, thus reducing the duration of the 
input circuit ringing. Unfortunately, the diode is not 
suited for making measurements as a function of tem- 
perature, since its small-signal resistance is tempera- 
ture dependent. At room temperature, however, the 
input circuit ringing time was reduced by about 1 usec 
when the diode was used in place of a resistor. This 
constituted an appreciable improvement in the meas- 
urement of relaxation times in the microsecond range. 

The 30 Mc amplifier is a standard broadband radar 
if. amplifier and will not be described further. It is 
followed by a diode detector and video catode follower. 
Figure 2 shows some typical output waveforms. 

In order to attain further improvement in signal-to- 
noise ratio, a boxcar integrator” was employed. A gating 
pulse is provided that can be set to occur at any instant 
of time during a free-precession signal, and the inte- 
grator gives a dc output voltage proportional to the 


Fic. 2. Typical receiver output waveforms. The upper oscillo- 
gram is a double exposure showing receiver output waveforms in 
a T, experiment with the Ho field on and off. Horizontal time 
scale is 1 ysec per division. The lower oscillogram is a multiple 
exposure, showing free-precession signals following the second 
pulse in a 7; experiment, for various pulse separations. Time scale 
is 2 usec per division. 

1D. H. Holcomb and R. E. 


(1955). 


Norberg, Phys. Rev. 98, 1074 
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amplitude of the signal at the time of the gate and 
averaged over many repetitions of the experiment. 
Setting the gate pulse to occur at various instants of 
time then gives the signal amplitude as a function 
of time. The integrator output voltage was displayed 
on a chart recorder, allowing further (visual) time 
averaging to be performed, and making it easy to 
compare signal amplitudes with calibration signals. 
The calibration signals were obtained by pulsing a 
Hewlett-Packard type 608-D signal generator and 
attenuating its output signal by means of a Tektronix 
type B170-A precision switch attenuator. The output of 
the attenuator was terminated so as to give weak 
magnetic coupling between the termination and the 
receiver coil (see Fig. 1). Thus, the calibration signals 
traverse the whole receiver system, allowing precise 
amplitude comparison to be made with free-precession 
signals. 


Temperature Control System 


Provision was made in the design of the crossed coil to 
allow for the passage of precooled nitrogen gas past the 
sample. The gas temperature was regulated by allowing 
a controlled portion of the gas flow to pass through a 
heat exchanger coil immersed in liquid nitrogen. By 
varying the proportion of direct and cooled flow, the 
temperature of the sample was continuously variable 
over the range of interest. The temperature was moni- 
tored by placing a thermocouple junction into the gas 
flow next to the sample coil. A small capacitor, from 
one of the thermocouple leads to ground, served to 
bypass any induced rf currents and preserved the 
shielding of the receiver input circuit. Temperature 
stability was maintained by manual adjustment of the 
flow rates. 


EXPERIMENTAL RESULTS 


Spin relaxation times 7, and 7» of electrons in Na 
NH; and K—~NHs were measured at 30.5 Mc over the 
range of concentrations 10~4 to 10-? moles metal per 
mole NH;,'* and at temperatures ranging from — 50°C 
to +30°C. All free precession signals were found to 
decay exponentially. It was found that 7; equals 7, 
at all concentrations and temperatures, and that these 
relaxation times range from 1.0 to 3.3 usec. 

Measurements on a dilute solution of sodium in 
NH; gave considerably longer relaxation times than 
would be expected for a sample of the same concentra- 
tion made with ordinary ammonia (N“Hs). 


Variation of T, with Temperature 


For dilute samples, the relaxation times were ob- 
served to increase with increasing temperature. In 
16 Expressed as moles per liter, the given range of concentra- 
tions corresponds approximately to 0.01-0.4M. Unless otherwise 


indicated, concentrations will be given as moles metal per mole 
NH. 
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Fic. 3. Typical variation of electron spin relaxation times with 
temperature in K-NH; solutions. Concentrations are in moles 
metal per mole NH. 


samples of higher concentration, with increasing tem- 
perature, the relaxation time passes through a maxi- 
mum; the higher the concentration, the lower the 
temperature at which this maximum occurs. Several 
typical curves of 7; vs temperature are shown in Fig. 3. 
In interpreting the variation of 7) with temperature, 
it must be kept in mind that the paramagnetic sus- 
cepitibility, and therefore the concentration of un- 
paired electrons, increases with increasing temperature. 
That the increase in 72 with temperature does not 
continue monotonically is most likely because of the 
increase in the unpaired-electron concentration, rather 
than being a direct result of the increase in tempera- 
ture. 


Variation of T.; with Concentration 


At any given temperature, 7» exhibits a small 
gradual increase as concentration is increased, until, 
above a certain critical concentration, 7, begins to 
decrease sharply. This critical concentration becomes 
higher the lower the temperature. The initial increase 
in T2 is most pronounced at low temperature. 

In gm 4 we have plotted 7, vs concentration at 
+25. ind —33.5°C. The data points shown were 
obtaineu by interpolation of our 7, vs temperature 
data. The temperatures +25°C and —33.5°C were 
chosen for display because they lie near the extremes 
of the temperature range investigated, and because 
there exist other data on 7, and 7, at these tempera- 
tures, allowing comparison between our results and 
these others. 


Variation of T, with Metal Solute 


The relaxation times in Na~NH; are found to be 
either somewhat longer or about the same as those in 
K-NH; at comparable temperatures and concentrations. 
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The difference is most pronounced at high temperatures 
where it can amount to as much as 30% (see Fig. 4). 


Variation of T, with Sample Deterioration 


A fairly concentrated Na-~NH; sample was allowed 
to remain at room temperature for several days. The 
relaxation time was occasionally measured as_ the 
reaction 2Na+2NH;—~2NaNH;+ Hh: proceeded to com- 
pletion. It was found that the relaxation time varied 
as though the metal concentration were being 
tinually decreased. 


con- 


Variation of T, with Isotopic Substitution 


O’Reilley* has measured 7; and 72 in K—ND; at 
room temperature, 0°C, and —33.5°C as a function of 
potassium concentration using the continuous wave 
(cw) method. In dilute deuterated solutions, he finds 
I’; to be somewhat shorter than in the ordinary solu- 
tions (see Figs. 4 and 5). 

We measured 7; and 7 in a single dilute sample of 
Na-N"Hs, as a function of temperature and deteriora- 
tion. Unfortunately, this sample exploded after having 
been allowed to remain at room temperature for about 
three days, and its exact concentration is therefore not 
known. However, we were able to estimate the concen- 
tration to be 0.8X10~* from signal amplitude con- 
siderations. Two sets of data had been taken on this 
sample—the first with the sample fresh, and the 
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second after the sample had suffered partial deteriora- 
tion. From signal amplitude considerations, the 
equivalent concentration of the partly deteriorated 
sample was estimated to be 0.5X10~-*. The relaxation 
time data for this sample are shown in Figs. 4 and 5. 
As in all other samples, it was found that 7; and 7, 
are equal. Comparison of the Na-N®H; data with 
that from the ordinary solutions (Fig. 3) shows that 
the change in relaxation times with deterioration is, 
qualitatively, as expected. 


Comparison with Earlier Data 


Hutchison and Pastor* and O’Reilley* have meas- 
ured 7; and 7: in K-NH; at +25°, 0°, and —33.5°C, 
using the continuous wave (cw) technique and working 
at 8 Mc. Blume® has measured 7; and 72 in Na-NHs 
at +24°C by the pulse method, at 17 Mc. 

As can be seen from Fig. 4, the agreement between 
our 7, data in K-NH3 at 25° and —33.5°C and the cw 
data is excellent. At O°C, however, our results for 7» 
differed somewhat. An error in measurement of tem- 
perature is indicated; the cw results at 0°C 
closely with our 7; data at about —7°C. 

Our measurements in Na-NH; at room temperature 
agree with those of Blume for concentrations below 
about 4X10-* (~=0.15M), but for higher concentra- 
tions Blume obtains considerably longer relaxation 
times than we do (see Fig. 4). Blume also finds that 
T, equals 7, for those samples on which he was able to 
measure 7}. 

The cw measurements‘ give 7, greater than 7» in 
certain regions of concentration and temperature, and 
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Fic. 5. Electron spin relaxation time vs temperature for dilute 
solutions having different isotopic constitution. Data for curve 
IV are due to O’Reilley.‘ 





ELECTRON 


7T\= T2 in others (see Fig. 4). As mentioned earlier, we 
measured 7;= 7, everywhere. We have not attempted 
to account for this discrepancy. It is well known that 
the cw method for obtaining 7, (saturation method) 
is far less direct than the pulse method; both the 
experimental procedure and the analysis of the data are 
beset with complications, and errors can easily creep 
in.” Before discrediting O’Reilley’s 7; results, how- 


urements or to make a detailed critique of his analysis 
and procedure. Moreover, O’Reilley’s data look very 
convincing, particularly in view of the fact that for 
certain concentrations and temperatures he gets 7; 
different from 72, whereas for other concentrations and 
temperatures, for which the same T» is measured, he 
finds 7; equal to 7». 


Precision of Measurement 


Measurements of 7; and 72 on any given sample 
were found to be reproducible to 5% or better. Sys- 
tematic errors in the relaxation time data are expected 
to be worst for the weakest signals and the shortest 
relaxation times, i.e., at the lowest and highest con- 
centrations, and especially at the lowest temperatures. 
However, the excellent agreement of our 7, data with 
the cw results suggests the absence of systematic errors 
in the measurement of 7». 

No systematic difference between 7; and 7» 
found. Calculating the quantity 


Was 


100(7\— T2) /T>» 


averaged indiscriminately over all the data, as well as 
the standard deviation of this quantity from its 
average, we obtained — 1.6+4.1%. 


THEORY 


Method of Kaplan and Kittel 


Thus far, the only attempt to give a quantitative 
interpretation of the observed electron spin relaxation 
times in metal-ammonia solutions appears to be that of 
Kaplan and Kittel (KK) .° These authors proposed that 
in dilute solutions, the relaxation proceeds via the 
motionally modulated contact hyperfine interaction of 
the electrons with ammonia protons. More recently, 
however, measurements of the Knight shift by Mc- 
Connell and Holm® revealed that the dominant nuclear 
spin density at the unpaired electron is that of the 
nitrogen nuclei, the proton and sodium densities being 
negligible by comparison. Using the KK model, it is 
easily shown that the observed N™ spin density at the 
electron is of the right order of magnitude to account 
for the electron spin relaxation time in dilute solutions. 


17 N. Bloembergen, E. 
Rev. 73, 679 (1948). 

18H. M. McConnell and C. H. Holm, J. Chem. Phys. 26, 1517 
(1957). 


M. Purcell, and R. V. Pound, Phys. 
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Following KK, the ESR linewidth is given by 
6H=y,.(AH)*z., (1) 


where ¥, is the electron’s gyromagnetic ratio (17.6X 10° 
oe sec~'), AH is the rigid-lattice linewidth, and 7, is 
the correlation time, i.e., the reciprocal of the fre- 
quency at which the interaction is modulated. Equa- 
tion (1) is valid so long as 7, is short compared to the 
electron Larmor period, this condition being generally 
referred to as the case of ‘extreme motional narrowing,” 
and being characterized by Lorentzian line shapes or 
exponentially-decaying free precession signals. The 
rigid-lattice width, AH, is given by” 


(AH)?= (6492/27) Sow 2L(Ti+1)/Ti]| ya | (2) 


Here u; and J; are the magnetic moment and spin of 
the ith nucleus and | ¥(7) |? is the hyperfine contact 
density of nucleus 7 at the unpaired electron. Assuming 
that the electron is in equal contact with each of % 
identical nuclei, Eq. (2) becomes 


(AH)?= (6497/27) w2LI+1)/TP(n)n-. (3) 


The quantity P(x) is the total nuclear density at the 
electron, and is defined by P(n)=2| y(n) |?. The 
electron spin relaxation time 7» is related to the line- 
width by 

(T.)1=-y,.6H. (4 


Combining Eqs. (1) through (4) gives 
T371= (649? /27) y2un?l (I+1) /T]PP(n) (7-/M) (5) 


as the basic formula for the calculation of 72. For the 
nucleus N“ we have J=1, un=2.04X 10-4 erg/oe. The 
quantity P(N") is reported to have the value 4.5 10” 
cm~* and to be independent of concentration.® In- 
serting these data into Eq. (5) gives 


T2=0.82X 10-8 (z.)— (cgs). (6) 


If we follow KK’s method, we 
Debye dipolar relaxation time 


take 7, to be the 


te=3nV /RT. 


Here 7 is the viscosity of the liquid and kT is Boltz- 
mann’s constant into the absolute temperature. V is 
the volume per ammonia molecule, and is given by 


V=W (Lop), 


where W is the molecular weight of ammonia (17 
g/mole), p is the density, and Ly is Avogadro’s number. 
Hence, 

t-= (3W/Lok) (n/pT), 


#9 A. F. Kip, C. Kittel, R. A. Levy, and A. M. Portis, Phys. 
Rev. 91, 1066 (1953). 
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Fic. 6. Electron spin relaxation time vs temperature for ver) 
lilute solutions of metal in N“H;. Theoretical curve is calculate 
from Eq. (8) using O’Reilley’s data on density and viscosity 
and assuming a temperature-independent N"™ hyperfine density 
Three of the experimental points are from our 
data on a sodium-ammonia sample having concentration 0.107 » 
10-*. The low temperature point is read from Fig. 4 


at the electron. 


and, from Eq. (6 


T2=0.82X 10—8( LokN 2.3X 10 pl/n 
(8 
In Eq. (8) 


value for X% 


we have put 11=17—.e., one-third KK’s 
since there are one third as many N"™ 
nuclei per molecule as protons. At +20°C, O’Reilley* 
gives 7 0.611 g/cm* for the 
viscosity and density of pure NH. Inserting these 
values into the above relations gives 7.=4.810~-" 
sec, and 7.=2:9X10™ sec, in the 
experimental value. 


0.14 centipose, and p 


agreement with 

We can also compare the KK theory with our experi 
mental results at other temperatures, assum 
that the number of N“ nuclei that are in contact with 
the electron, and their hyperfine contact density at the 
electron P(N"), are both temperature independent. 
Density and viscosity data at various temperatures 
are given by 


if we 


O’Reilley.* Figure 6 shows a plot of 
T, vs temperature according to Eq. (8), together with 
the best experimental values at the lowest measured 
concentrations. The agreement with experiment is 
obviously much better than this approximate theory 
can justify. 

Kaplan and Kittel suggested that spin relaxation 
time measurements using deuterated metal-ammonia 
solutions would constitute a test of their theory, the 
small deuteron moment 
electron relaxation 


leading to a much longer 
time. Such measurements have 
been performed by O’Reilley,! who found, however, 
that the relaxation times using ND; are not much 
different than in the NH; solutions, and correctly 
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concluded that KK’s theory of the spin-relaxation is 
in error. The error is, presumably, that the relaxation 
proceeds via the contact with N™ nuclei and not with 
the protons or deuterons. When applied to relaxation 
via the N“ hyperfine coupling, KK’s theory predicts 
that the only difference between relaxation times in 
NH; and NDs solutions will arise from the difference 
in the correlation times. Quantitatively we expect, 
from Eqs. (5) and (7), 


7.(ND3) (™ ) /(= ) 9 
= : (9) 
T.( NH; P /deut P /normal 


Using O’Reilly’s density and viscosity data,‘ one finds 
that in dilute solutions the above ratio is temperature 
independent, and amounts to a factor of 1.2, in agree- 
ment with experiment.” 


T2(NHs3) 
T2(NDs3) 


For the case of dilute solutions of metal in N“Hs, 
application of Eq. (5) gives 
T2(N"Hs3) 
T( N4Hs3) 


t.(N“Hs3) 
= 1.35 ; (10) 
t-(N®Hs) 
the factor 1.35 arising from the different magnetic 
moment and spin of nitrogen-15 (u=—1.43x10-*4 
erg/oe; J=}). Our data on the Na—N"H; sample 
show the ratio 7.(N'%H3)/7.(N"“H;) to vary from 
1.20 at room temperature to 1.26 at —5°C (see Fig. 5). 
Increasing the mass of the ammonia molecule will, 
at a given temperature, increase the correlation time 
as in ND;—because of equipartition of 
energy. Hence we expect the ratio of relaxation times 
[Eq. (10) ] to be somewhat Jess than 1.35." The fact 
that the relaxation times in the NH; solution are 
longer at all than in the ordinary solutions is by itself 
convincing evidence of the role played by the nitrogen 
hyperfine interaction. The possibility of the presence 
of a competing relaxation mechanism is, however, not 
ruled out by our data. 


the case of 


Modulation of the Hyperfine Interaction by 
Electron Tunneling 


Kaplan and Kittel’s use of the Debye dipolar relaxa- 
tion time as the correlation time in the calculation 
given in the foregoing is based upon their model of 
metal-ammonia solutions. In this model one pictures 
the electron as being located in a cavity in the liquid, 
surrounded by randomly rotating ammonia dipoles 
with which the electron interacts via the hyperfine 
coupling. 

An alternative source of modulation of the hyperfine 
coupling suggests itself when one remembers that the 
electrons in metal-ammonia solutions have a_ high 
mobility. Even in dilute solutions, the mobility of the 


20 See Fig. 4. The right side of Eq. (9) may as well be written 
Ndeut/Mnormal, Since the molar volumes of NH; and NDs are 
(experimentally) equal. 

*1 The presence of 5% N“H 
Eq. (10) to 1.33. 


would lower the coefficient in 
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negative charge carriers has been measured to be from 
5 to 7 times greater than that of the positive carriers, 
the metal ions.” Without making any detailed assump- 
tions about the instantaneous “state” of the electron, 
one can easily estimate a correlation time from the 
available electrical conductivity data. 

Before making this estimate, we mention that several 
writers have proposed that the correct description of the 
electronic motion in the liquid may be via a tunneling 
mechanism. This idea was first suggested by Farkas, 
who used it as the basis for a theory of electrical con- 
ductivity of metal-ammonia solutions.*% The expres- 
sion for the conductivity derived by Farkas is in 
moderately good agreement with experiment for con- 
centrated solutions (1M to 5M). More recently, 
Dewald and Lepoutre have been led independently to 
the conclusion that barrier tunneling is the important 
conduction mechanism in dilufe solutions by their 
extensive measurements of the thermoelectric proper- 
ties of such solutions.% The possibility of a tunneling 
mechanism is also mentioned by O’Reilley.4 We shall 
therefore adopt this point of view, although it is not 
essential to the arguments which follow. 

Since the direction of tunneling is random, one can 
describe the tunneling process by a diffusion-type 
equation, the diffusion coefficient D being connected 
with the mobility m by the Einstein relation 


eD=mkT. (11) 


The mobility is, in turn, related to the equivalent 
conductance A by 


A= eLom. ( 12 ) 


The connection between the correlation time for trans- 
lational diffusion and the diffusion coefficient may be 
obtained, as in the analogous nuclear resonance prob- 
lem,” from the theory of Brownian motion 


d?=2Dr., 


i.€., 


(13) 


where we take d to be the mean distance of tunneling. 
Combining Eqs. (11), (12), and (13) gives 


re= Loft /2kTH. (14) 


Inserting this into Eq. (6) gives 


T2= 0.82 X 10—8 (2k Ty0/e? Lyd?) (15) 


for the relaxation time. With increasing dilution at 
—33°C, the equivalent conductance is reported by 
Kraus” to approach the limiting value of 1000 cm?/ohm- 
mole. If we take d equal to the mean separation among 


2C. A. Kraus, J. Am. Chem. Soc. 30, 1197 (1908); 36, 864 
(1914). 

3. Farkas, Z. physik. Chem. (Leipzig) A161, 355 (1932). 

4 F, J. Dewald and G. Lepoutre, J. Am. Chem. Soc. 78, 2953 
(1956). 

2% A. Abragam, Cours sur les Phenomenes Lies a la Resonance 
Magnetique (Centre d’Etudes Nucleaires de Saclay, Gif-sur- 
Yvette, Seine et Oise, France, 1955). 

26C. A. Kraus, J. Franklin Inst. 212, 537 (1931). 
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ammonia molecules (=3.4 A), then Eq. (15) gives 
T.=0.3X10-°M seconds.” Recalling that the experi- 
mental value is 1.1X10~* sec, we see that the agree- 
ment is quite adequate. Note that although 2 and d 
in Eq. (15) depend upon the details of the model, % 
will in general be approximately proportional to d?, 
and hence the model details enter essentially by way of 
a single parameter. 

Equation (14) for the correlation time gives 1t.= 
4X10-” sec, which is of the same order as the Debye 
rotation time calculated from Eq. (7). It is possible 
that this is merely a coincidence; on the other hand it 
is quite likely that there should be a correlation be- 
tween the tunneling and the dipolar kinetic motion— 
i.e., that conditions favorable for tunneling will require 
a time of the order of the Debye time for their estab- 
lishment. Thus, one may picture the electronic charge 
as tending to orient the ammonia dipoles, while the 
response of these, in turn, produces the strong local 
electric field required to precipitate the tunneling. This 
would mean that the electrical conductivity depends 
upon the Debye rotation time and ought to vary with 
isotopic substitution. Now, in his cw experiments, 
O’Reilley* observed that the Q values of the sample- 
containing circuit were higher for K-ND; samples than 
for K-NH; samples of the same concentration at the 
same temperature, and concluded that the electrical 
conductivity in the deuterated solutions is about 20% 
lower than in the ordinary solutions. O’Reilley’s ex- 
planation—that the electron is somewhat more tightly 
bond in the deuterated solvent—is difficult to justify. 
The explanation given above seems more plausible, 
and ties in both the conductivity and the electron spin 
relaxation time with the Debye time characteristic of 
the liquid motion. 


Solutions of Medium Concentration 


Thus far our discussion of the KK theory has been 
restricted to the very dilute range of concentrations, 
KK suggest that the observed decrease in the electron 
spin relaxation time with increasing concentration may 
plausibly be ascribed to dipolar interaction among 
unpaired electrons, in which case the theory of mo- 
tional narrowing applied to this interaction gives® 


T= (5/6?) (kT /yAhenN y) (16) 


for the relaxation time in the presence of translational 
diffusion. Here NV, is the concentration of paramagnetic 
centers and 7 their effective viscosity. It turns out that 
Eq. (16) gives a relaxation time comparable to that 
which is measured in the range of concentrations 5 to 
10X10~* mole metal per mole NH, the bulk viscosity 
being used for 7. As KK point out, that is just the 


concentration range in which 7; begins to decrease. The 


7 1t should be kept in mind that the value for the contact 
density at room temperature has been used here, while the other 
quantities are for —33°C. Conductivity data above the boiling 
point are not available. 
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observed decrease is, however, much sharper than the 
behavior predicted by Eq. (16). In any case, it is not 
clear that the theory developed for nuclear resonance 
in liquids can be applied directly to the present prob- 
lem, since this theory does not take into account the 
demands of the Pauli principle.* We must therefore 
conclude that the suggested mechanism, if effective, 
is either incorrectly described by Eq. (16), or is ac- 
companied by another, more effective, mechanism 
which comes into play in approximately the same 
concentration range. 

The observed variation of the electron-spin relaxa- 
tion time with increasing concentration can be ac- 
counted for qualitatively as follows. 

As the metal concentration is increased, interactions 
electrons and metal and among the 
electrons themselves become increasingly important. 
The Knight shift results indicate that the density 
of metal nuclei at the unpaired electron increases with 
increasing concentration. That the metal ions play a 
role is also evident from the observed variation of the 
spin relaxation time with metal solute (Fig. 4). 

As the density of the paramagnetic centers increases, 
the contribution to the linewidth from the contact 
hyperfine interaction will tend to diminish due to the 
additional modulation by electron exchange; 1.e., the 
gradual increase in 7, with concentration shown in 
Fig. 4 can be attributed to exchange narrowing.” 

The onset of exchange effects is associated with the 
formation of conduction bands; the concentration at 
which the spin relaxation time begins to drop off 


between ions 


sharply are, indeed, those at which the electrical con- 
ductivity increases sharply. We expect, however, that 
as the electron mobility increases, the electrons will no 
longer respond adiabatically to the molecular motion in 
the liquid—i.e., the electric and magnetic fields at an 


*8 For the case of a metal, the analogous spin relaxation mech- 
anisms, referred to as the spin-spin and spin-current interactions, 
have been investigated theoretically by A. W. Overhauser, Phys. 
Rev. 89, 689 (1953). 

*9 J. H. Van Vleck, Phys. Rev. 74, 1168 (1948). 
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electron will be time-modulated. In particular, any 
existing spin-orbit interaction will now be modulated, 
and therefore becomes an effective mechanism for spin 
relaxation.* Since the electron’s orbit at the position of 
an ion core will differ for different metal ions, the spin 
relaxation rate arising from spin-orbit coupling will 
depend upon the solute metal. This mechanism, then, 
competes against the effect of exchange, and very 
likely accounts for the observed sharp decrease in the 
relaxation time at the higher concentrations. Since the 
character of the electronic wave function at the posi- 
tion of an ion core remains fairly independent of the 
surroundings, one expects that the relative effectiveness 
of different ion cores in bringing about spin relaxation 
will be the same in metal solutions as in solid metals. 
That the relaxation time in sodium solutions is longer 
than in potassium solutions is therefore consistent with 
the experimental results for electron spin relaxation in 
metals.*! Another point of (qualitative) consistency is 
the temperature dependence of the relaxation time. At 
high concentrations the relaxation time decreases with 
increasing temperature, just as in metals, and opposite 
to the low concentration behavior. 

The study of electron spin relaxation in lithium- 
ammonia solutions suggests itself as a possible test 
of these ideas, since lithium meal behaves anomalously 
in this respect.*! 
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Neutron diffraction patterns have been obtained for the alkali metal liquids; lithium (180°C), sodium 
(100°C), potassium (65°C), rubidium (40°C, 160°C, 240°C, and 360°C), and cesium (30°C, 300°C, and 
575°C). It was found necessary to correct intensities for scattering by a free atom for lithium and sodium 
but not for the heavier atoms. Atomic distribution curves were computed for all the above cases, and com- 
pared with results from x-ray diffraction. Just above melting temperatures the nearest-neighbor distances 
are for lithium 3.15 A, sodium 3.82 A, potassium 4.64 A, rubidium 4.97 A, and cesium 5.31 A, the number 
of nearest neighbors is, within one-half atom, about 9.0 to 9.5 atoms in each case. At elevated temperatures 
with rubidium and cesium, a weak subsidiary concentration of atoms appears between the usual first and 


second neighbor concentration. 


INTRODUCTION 


HE structures of some alkali metals in the liquid 

state have been determined! from x-ray diffraction 
studies, but others have remained undetermined largely 
due to their prohibitive absorption of x rays. These 
materials do not strongly absorb neutrons of suitable 
wavelengths and hence a study of them by neutron 
diffraction offers a promising means of obtaining their 
structures. In this way the structures of liquid rubidium 
and liquid cesium have been obtained for the first time 
in the work reported here. The x-ray determination of 
the structure of liquid lithium? in 1941, suffered from 
difficult and somewhat inadequate experimental condi- 
tions, results from similar work with sodium*® and 
potassium,‘ though taken under more favorable condi- 
tions, are limited in their validity by limitations in the 
available experimental techniques of some years ago. 
An attempt was made in the present work to use 
neutron diffraction to determine the liquid structures 
of all the alkali metals, using similar techniques and 
procedures for each one so as to facilitate intercom- 
parison. 

The structures of a number of elements in the liquid 
state have been determined from neutron diffraction 
studies.*-" In most cases, absorption of the neutrons 
was so small that the absorption correction was con- 
sidered negligible or at least it was considered to be 
essentially independent of scattering angle for samples 


*Work performed under the auspices of the United States 
Atomic Energy Commission. 

t Resident research associate on leave from the University of 
Missouri. 
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approximately 1 cm thick. An attractive feature of 
neutron patterns is due to the essentially isotropic 
nature of the scattering of thermal neutrons by an 
atomic nucleus. At large angles where interference 
effects in coherent scattering from different atoms 
fade away, the intensity approaches a constant value 
rather than approaching a rapidly falling atomic 
structure factor curve as in the case of x rays. This 
provides higher intensities at large angles of scattering 
and eliminates dependence upon a knowledge of the 
exact form of the structure factor of the atom. Cor- 
rections for effects such as incoherent scattering, in- 
elastic scattering and multiple scattering are assumed 
to be or sometimes have been calculated to be iso- 
tropic. In the cases of liquid helium® and liquid neon" 
correction was made for scattering by free atoms. In 
all cases it was assumed that the atomic distribution 
function can be obtained by applying the usual Fourier 
integral transformation to the coherently scattered 
intensity pattern. Results from this kind of procedure 
have been reported for helium, nitrogen, oxygen, 
sulphur, neon, argon, mercury, lead, and bismuth. 


EXPERIMENTAL PROCEDURES 


Neutrons of wavelength \=1.09 A were selected from 
the CP-5 reactor operated at 2 meg by reflection from 
the (111) planes of a copper single crystal. (Work with 
cesium was done at \=1.03 A and 1 meg.) The samples 
were contained in a cylindrical vanadium cell with in- 
side dimensions {; in. (diameter) and 2 in. (length). 
Walls of the cells were 0.004 in. thick in the region 
upon which the monochromatic neutrons were inci- 
dent. Cells were nearly filled with sample material of 
high chemical purity in a dry box flooded with dry 
argon, capped, removed from the box and hermetically 
sealed by heliarc welding in an argon atmosphere. A 
loaded cell was then mounted over the center of the 
diffractometer table in a large evacuated furnace. 
Incident and scattered neutron beams passed through 
thin aluminum windows. The samples were heated by 
means of a cylindrical heater of thin sheet vanadium 
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surrounding the sample. Temperatures up to 575°C 
were maintained and recorded continuously for runs 
as long as 72 hrs. 

The incident beam of monochromatic neutrons was 
monitored with a fission counter and the number of 
scattered neutrons for a preset number of monitor 
counts was counted with a BF; detector. Automatic 
operation gave a chart record of the number of 
scattered neutrons per monitor neutron, as a function 
of scattering angle up to about 100° with approxi- 
mately eight readings per degree. Correction for 
scattering from material other than the sample was 
made by taking runs with an empty cell of identical 
construction and subtracting this empty-cell intensity 
from the loaded-cell intensity at each scattering angle. 
This background correction was almost entirely lack- 
ing in prominences, since it was primarily due to the 
thin vanadium walls of the cell and heater. Measured 
values of the linear absorption coefficients of all sample 
materials agreed satisfactorily with published values, 
where available, and the product of linear absorption 
coefficient and sample radius varied between 0.002 to 
(0.08, for which there is no appreciable angular variation 
.of absorption correction. 


EXPERIMENTAL RESULTS 


Figure 1 shows the observed intensity curves of the 
alkali metals at temperatures just above their melting 
points. These patterns have been corrected for empty- 
cell background and changed from laboratory to 
center-of-mass coordinates. While the ordinates are 
plotted to an arbitrary scale, the graph does indicate 
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the relative scattering powers of the various alkali 
metals in the liquid state. The counting rate of the 
main peak of the rubidium pattern was 1600 counts/ 
min giving nearly 13000 counts/point. The cesium 
data which was obtained with 1 megawatt of reactor 
power has been normalized to 2 megawatts power to 
facilitate comparison with the other elements in this 
figure. In all the curves the experimental data com- 
menced at approximately (sin@)/A=0.056 A-! where @ 
is one-half the scattering angle, and from this point to 
the origin, the intensity curve is drawn as an estimate 
in this unobservable region. 


Lithium 


Natural lithium contains isotopes of mass numbers 
6 and 7. Since the absorption of neutrons by Li-6 is 
prohibitive, Li-7 was chosen for the present study. The 
linear absorption coefficient of Li-7 was measured and 
found to be 0.09 cm™, giving a small absorption cor- 
rection that is essentially independent of scattering 
angle. Diffraction patterns of liquid Li-7 were taken at 
180°C (melting point 179°C) and at 400°C. After cor- 
rection for empty-cell scattering, these patterns showed 
marked depressions from constant intensity at large 
angles, but as in the case of liquid helium? when the 
experimental points were corrected for scattering by a 
free atom, i.e., changed from laboratory to center-of- 
mass coordinates, the large-angle scattering approached 
essentially constant intensity, as directly observed 
with the heavier atoms such as rubidium or cesium. 
This is evidence that in these diffraction experiments 
with light atoms, recoil of ‘the target nucleus is sig- 
nificant and that scattering of neutrons by light atoms 
in the liquid state appears to be as if the atoms were 
free. Figure: 1 shows the pattern for liquid Li-7 at 
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Neutron diffraction pattern of liquid lithium at 180°C. 
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180°C along with other patterns for comparison, and 
Fig. 2 shows the Li-7 pattern before and after the 
correction for free-atom scattering. 


Sodium 


Diffraction patterns were taken of liquid sodium at 
100°C (melting point 97.8°C). Figure 1 shows the 
100°C sodium pattern. When corrected for empty-cell 
scattering alone, intensities at large scattering angles 
fell along a line slightly depressed below that for iso- 
tropic scattering, but correction for scattering from 
free atoms, raised the large-angle scattering to essen- 
tially constant intensity as had been found for liquid 
helium? and liquid lithium. Peak positions were found 
at (sin@)/A of 0.163 Aq!, 0.295 Aq', and the pattern is 
generally similar to what is expected from the early 
work with x rays.’ 


Potassium 


Of all the alkali metals, liquid potassium gave the 
weakest pattern of coherent intensity and it was 
studied at only one temperature, 65°C, just above the 
melting point of 63.7°C. Figure 1 shows the corrected 
intensity pattern for potassium at 65°C, the free-atom 
correction for potassium amounts to only a few per- 
cent at the maximum observed value of (sin@)/A and 
was neglected for the heavier atoms. Intensity peaks 
for potassium were found at (sin@)/A=0.130 A“, 
0.24 A“, and 0.36 A~', the intensity beyond 0.405 A~ 
was assumed to be essentially constant. Peak positions 
are in approximate agreement with those obtained? 
with x rays. 


Rubidium 


This material proved to be the most intense neutron 
scatterer of all the alkali metal liquids and it was chosen 
as the subject of an intensive study of the effect of 
temperature on its diffraction pattern. Patterns were 
obtained at ten different temperatures from 40°C to 
575°C and Fig. 3 shows patterns at 40°C (melting 
point 39°C), 160°C, 240°C, and 360°C, plotted to an 
intensity scale in arbitrary units. At 40°C, peaks 
occur at (siné)/A=0.122 A, 0.223 A and 0.34 A. 
No reproducible intensity fluctuations could be found 
beyond (sin@)/A=0.46. Corrections to the patterns 
were made for empty-cell scattering. These patterns 
show that as the temperature is increased the inner- 
most diffraction peak shifts slightly toward smaller 
(siné)/A values while the outermost peak, though 
somewhat diffuse, shows a definite shift to larger values 
of (sin@)/X. 


Cesium 
Figure 4 shows the observed intensity curves cor- 


rected for empty-cell background for cesium (melting 
point 28.5°C) at 30°C, 300°C, and 575°C. At 30°C, 
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peaks occur at (sin@)/A values of 0.117 A, 0.213 A“, 
0.31 A~!, and 0.41 A“. Beyond (sin@)/A=0.50 A“ no 
reproducible fluctuation in intensity could be found, 
and it was therefore assumed that beyond this point 
the intensity was constant. The fourth peak was very 
weak but repeated runs established it as shown. At 
300°C, intensity peaks were found at (sin@)/A=0.113 
A“, 0.215 A, 0.31 A and approximately 0.4 A“. 
The pattern at 575°C has weak peaks at (sin@)/A= 
0.109 A! and 0.22 A“ and a trace of a very weak rise 
just beyond 0.4 A~!. These data show the same type of 
peak-position temperature-dependence for cesium, as 
was observed for rubidium. 


ANALYSIS OF DIFFRACTION PATTERNS 


The experimental patterns were analyzed to deter- 
mine the atomic distributions as in previous anal- 
yses,>" using the method worked out by Zernike and 
Prins," and Debye and Menke." The form of the 
equation used is 


50 
Arr? p(r) =4ar*po+ (2r r)| si(s) sin(rs)ds..., (1) 


0 


where r is the distance from any atom-center within the 
liquid, p(7) is the actual density of atoms, in atoms/ A’, 
at distance r from the origin atom. The average density 
of atoms is po, s=42(siné)/A and i(s) is a function of 
the corrected experimental intensity. For neutron 
patterns, 


a i(s) =[I(s)—c]/(k—c) —-1, 


2 F, Zernike and J. Prins, Z. Physik 41, 184 (1927). 

13P, Debye and H. Menke, Ergebnisse der Techische Ront- 
genkunde. If (Akademische Verlagsgesellshaft, Leipzig, 1931), 
p. 1 
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Neutron diffraction patterns of liquid cesium (A= 1.03 A 

where J(s) is the observed intensity corrected for ef 
fects for which corrections are known, & is the constant 
intensity at large angles where interference effects can 
no longer be observed, and c is a factor which is intro 
duced for the purpose of allowing for effects which are 
independent of angle, but which cannot be easily 
calculated. Assuming J(s), k and ¢ have been found, it 
matter of straightforward calculation to 
determine 4rr*p(r), the atomic distribution function, 
which was done with the Argonne National Laboratory 
computer, GEORGE. 

In all these determinations it is recognized that the 
correctness of the results is limited by the precision of 
the experimental data and the validity of the correc- 
tions and the analyses. One source of uncertainty 
arises from the fact that in Eq. (1), the upper limit of 
the integral should be infinity, but for obvious prac- 
some finite value, which is 
In practice, scattering was observed to 


is then a 


tical reasons, it must be 
designated So. 
as large an angle as possible and successive runs were 
made in an attempt to establish the upper limit of s 
beyond which no reproducible fluctuations of intensity 
could be observed. Beyond this point J(s)=k and 
0. To determine the constant c, the experimental 
data were taken to as small angles of scattering as 
could be without encountering the incident 
beam, and the curve was extended arbitrarily to zero 
angle. The intensity at zero angle was taken to be the 
which represents angularly independent 
intensity such as that from incoherent scattering. Since 


1 S) 


made 


constant < 


this constant was not assigned with assurance of its 
correctness, in a number of cases, several values were 
tried in an attempt to learn how sensitive the results 
were to the choice of c. In all cases tried, changing c 
did affect the shapes of the distribution curves but for 
changes in c that appeared reasonably possible, altera 
tions in the resulting curves were not severe. 

The assignment of k is more straightforward except 
for the fact that it is often difficult to determine from 
the last weak observable oscillations of intensity, exactly 
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where the intensity is to be considered to have reached 
a constant value. A guide to the choice of this curve- 
fitting is available in the criterion that 


80 
/ S*i(s)ds =— 27 po, 


0 


and in a number of cases this condition was used to 
help in finding satisfactory fittings. 

Since the ratio (k—c)/c is a measure of the ratio of 
coherent to incoherent neutron scattering for the 
liquids studied, this ratio is useful to know and for the 
liquids at temperatures just above melting, it is as 
follows: 0.7 for Li’; 1.5 for Na; 1.0 for K; 22 for Rb, 
and 3.7 for Cs. 


Atomic Distributions 


Figure 5 shows the atomic distributions for all the 
alkali metals at temperatures slightly above their 
melting temperatures and Table I lists data for these 
metals, some taken from the curves of Fig. 5. These 
five atomic distribution curves are similar in their 
general features, all showing that the nearest neighbors 
are not discrete or permanent. The numbers of nearest 
neighbors, measured similarly and rounded off to the 
closest one-half atom, vary between 9.0 and 9.5. The 
differences are probably due to errors in the experi- 
mental data or in the analyses. Positions of the first 
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Density 
atoms/A’) 


Melting point 
Element (°C) 


Lithium 179 0.04373 
(180°C) 
0.02430 
(100°C) 


0.01276 
(65°C) 
0.01078 
(40°C) 


0.00813 
(30°C) 


Sodium 97.8 


Potassium 63. 


Rubidium 


Cesium 


peak are in general agreement with corresponding 
values obtained for the liquids by x rays. 

The present results obtained with liquid lithium are 
considered to be much more reliable than those from 
the early work using x rays in which case uncertainties 
were introduced by using an unusually large sample, 
by the large incoherent correction, by the use of the 
photographic method, and perhaps by products of 
corrosive effects of the sample material upon the cell. 
In the case of liquid sodium, the position of the first 
peak in the distribution curve as determined here is, 
within experimental error, the same as found in the 
early x ray work. The weak diffraction pattern from 
potassium was nevertheless sufficiently well-determined 
to give a distribution curve whose appearance is 
generally similar to those for the other alkali metals. 
It seems probable that in the case of potassium, 
x-ray work using modern techniques can supply results 
that are more reliable than those reported here. Figure 
6 shows the atomic distributions for liquid rubidium at 
temperatures of 40°C, 160°C, 240°C, and 360°C. The 
first peak has its maximum value at 4.97 A. If a dis- 
crete peak is constructed with the slope of the curve 
above 4.97 A, drawn symmetrically with that below 
4.97 A, the area under the curve represents a concen- 
tration of about 9.5 atoms as nearest neighbors. Early 
attempts to determine the effect of temperature on the 
distribution curves for rubidium gave, at intermediate 
and high temperatures, an indication of what appeared 
to be the gradual introduction of a secondary peak at 
distances just beyond the first peak. To check on this 
effect, diffraction patterns were taken at several tem- 
peratures without altering other experimental condi- 
tions. At 80°C and at 120°C, the distribution curves 
(not shown) are essentially the same as at 40°C except 
for slight suppression of prominences. However, at 
160°C, 240°C, and 360°C, Fig. 6 shows what appears 
to be the progressive development of a subsidiary peak 
in the neighborhood of just under 6 A. If this weak 
subsidiary peak is due to finite termination of the 
integral in Eq. (1), one would normally expect each 
major peak in the curve to be bracketed by one or 
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First intensity 


t Nearest-neighbor 
peak (sin@) /A 


distance A 


Number of 
nearest neighbors 


0.195 9.5 


0.163 
0.131 
0.122 


0.117 


more pairs or ripples, but the points between r=0 and 
the first peak do not show ripples large enough to ac- 
count for this extra peak as the result of termination 
errors. An attempt was made to see whether less 
emphasis on the relatively poorly determined, last 
weak peak of the diffraction pattern, might reduce the 
prominence of this subsidiary peak on the distribution 
curve. This was done by applying to the i(s) function, 
a modifying factor of the form exp—(A sin*@) where A 
was chosen to reduce the height of the last peak to one- 
third of its experimentally determined value. This 
factor was tried with several sets of data and in all 
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cases the subsidiary peak remained in about the same 
amount relative to the first peak. Repeated runs some- 
times gave slight differences in the form of the extra 
peak, but it always appeared at temperatures above 
160°C. Fig. 7 shows the curve of 477*p(r) as a function of 
r for cesium at 30°C, 300°3, and 575°C. The concentra- 
tien of nearest neighbors is represented by the first peak 
whose maximum value occurs at 5.31 A and whose 
area represents approximately 9.0 atoms. At 300°C 
this first peak has shifted to about 5.4 A and at 575°C 
it is a little higher than 5.4 A. As in previous work with 
liquids of this kind, elevated temperatures tend to pro- 
duce distribution curves with peaks and valleys that 
are less prominent than those at lower temperatures. 
The 300°C distribution curve for cesium also shows the 
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introductionJof a subsidiary peak at distances just 
beyond the first peak as did the rubidium curves. 


SUMMARY 


Neutron diffraction patterns have been obtained for 
the alkali metals lithium, sodium, potassium, rubidium, 
and cesium in the liquid state at temperature just 
above melting in each case, and at selected elevated 
temperatures for some of them. To facilitate inter- 
comparison of patterns from these similar liquids, the 
experimental technique was nearly identical in all 
cases, including sample containment, temperature 
heating and control, neutron beam monochromatiza- 
tion and collimation, and detection and measurement 
of diffracted intensities. Corrections were found neces- 
sary and satisfactory for free-atom recoil in the cases 
of lithium and sodium, but negligible for heavier 
atoms. From these corrected patterns, atomic dis- 
tribution curves were computed showing general 
agreement with earlier work with x rays for those 
materials which had been studied. Consideration of 
advantages and disadvantages of neutrons compared 
to x rays, leads to the estimate that of those elements 
studied with both radiations, neutrons are definitely 
superior in the case of lithium, x rays are superior with 
potassium, and for sodium, either radiation leads to 
results whose reliability is roughly equivalent. With 
the best coherent scatterer for neutrons, rubidium, 
patterns taken at several temperatures gave distribu- 
tion curves which showed at elevated temperatures 
what appears to be a progressive development of a 
weak subsidiary peak in the distribution curves at 
distances between the first and second peaks. A similar 
effect was observed with cesium but not for the lighter 
elements in the range of temperature studied. 
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Upon exciting the investigated ZnS crystals by the light of two wavelengths, 0.37 and 0,33 yu, in succession, 
their blue luminescence at low temperatures was found to rise to a maximum J,, from which it decayed to 
its normal steady value J... The green luminescence band showed a similar effect above 170°K. A reduction 
in the degree of filling of the “blue” traps was found to take place during the decay of the transients at low 
temperatures. Results are discussed using a previously proposed energy model. 


I. INTRODUCTION 


OME results of an investigation of the optical 
properties of ZnS crystals carried out in this 
laboratory, were described in previous communica- 
tions.':? The investigation included the blue and green 
luminescence, the thermoluminescence, and the photo- 
conductivity of ZnS crystals activated with low con- 
centrations of copper and chlorine. An energy scheme 
was then proposed,’ which fitted the variety of experi- 
mental observations. 

It is the aim of the present communication to report 
the observation of transient phenomena in the blue 
and green luminescence of the investigated crystals. 
The additional information may help towards a better 
understanding of the processes involved in the lumi- 
nescence of sulfide phosphors. 


II. EXPERIMENTAL AND RESULTS 


The crystals used and the experimental arrange- 
ments, were the same as described previously.!* Thus, 
only specific data regarding the experimental procedure 
will be given while describing the results. 


A. Transitents 


Upon exciting the crystal successively with the light 
of two suitably chosen wavelengths, \; and Xo, its 
luminescence upon the second excitation was found to 
rise steeply to a maximum, followed by a decay to the 
stationary value obtained by a single excitation with 
de light alone. 

The effect obtained at liquid-air temperature with 
the blue component of the luminescence of ZnS is 
shown in Fig. 1. The curves describe the luminescence 
intensity as a function of time. Monochromatic light of 
about 20 A spectral half-width was used for the excita- 
tions, and by suitable attenuation of the light beam 
(using wire gauges), the intensity of the exciting light 
was made constant for the different excitations. The 
crystal in the vacuum cryostat was heated prior to the 
first excitation to about 600°K to remove any possible 


1 A. Halperin and H. Arbell, Phys. Rev. 113, 1216 (1959). 
2H. Arbell and A. Halperin, Phys. Rev. 117, 45 (1960); also 
H. Arbell, Ph.D. thesis, The Hebrew University, Jerusalem, 1960. 


effects of former excitations. It was then cooled to 
liquid-air temperature and exposed to \;=0.37,u light 
(at time 4), Fig. 1). The exciting light was kept on long 
enough for the luminescence to reach saturation. At 
time fy the 0.37-u light was cut off and the crystal was 
kept for a constant time in the dark. At time ¢; it was 
exposed to A2=0.331u. The luminescence now reached 
a maximum J,,, after which it decayed to a value [,,, 
equal to that obtained at saturation upon excitation 
with 0.3314 light alone. The ratio J/J,, was in this 
case 2.3. The recorded value of J was possibly some- 
what limited by the slow response of the recorder 
(~1 sec). At ¢t; (Fig. 1) the 0.331p light was cut off. 
Upon now exciting the crystal again with 0.331u, even 
after keeping it for a long period in the dark, the 
luminescence showed the usual saturation 
rising gradually to the saturation value [,,. 

The rate of decay from /,, to J,, was found to depend 
on the intensity of the exciting light A», being faster 
with more intense excitation. The ratio /,,/I.,, however, 
was almost independent of the intensity of excitation. 

All the investigated ZnS crystals exhibited this ef- 
fect at low temperatures. The pair of wavelengths 
hi =0.37u, A\2=0.331pu, being the most effective. Other 
pairs, however, also showed the transient effect as 
shown in Fig. 2. Curve a gives the ratio Im/I,, for dif- 
ferent wavelengths A», after the first excitation with 
\i=0.37u. It shows a sharp peak at 0.3314 with about 
50 A half-width. Figure 2(b) shows the effect of differ- 
ent wavelengths Aj, i.e., it describes the ratio J,,/J,, ob- 
tained upon excitation with \,=0.331u after the first 
excitation with different wavelengths A. 

The effect becomes stronger at somewhat higher 
temperatures, and for the same crystal a value Im 
I,~7 was reached at 200°K. At still higher tempera- 
tures this ratio decreases, and the blue transients 
disappear at below room temperature. 

The wavelength \.=0.331y was the most effective in 
producing the transients at 80°K [Fig. 2(a) ]. At higher 
temperatures there is a shift towards longer wave- 
lengths. This is shown in Fig. 3, where the transients 
after excitation with \,=0.366u are given for various 
wavelengths A» at 80°K (curve a) and at 200°K (curve 
b). There is a shift of about 0.5 A/deg which seems to 
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lransients in the blue luminescence of 


ZnS at 80°K. 
0.374; second excitation, 0.331y 


excitation 


follow the shift with temperature of the absorption 
edge of the crystal.’ 


The green luminescence of the same crystal did not 


show the transients at liquid-air temperature. At 
higher temperatures the green component of most of 
the investigated crystals showed similar transients. 
Fig. 4 is similar to Fig. 2, but this time with regard to 
the green luminescence at 290°K. Curve a gives the 


ratio J,,/I,, as a function of dz» after excitation with 
\,=0.40u, while curve b describes this ratio as a func- 
tion of Ay with Ap=0.342y. 

The transients in the green band appear at about 
170°K and were even observed at above room tem- 
perature. 
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Fic. 2. Effect of different wavelengths on the transients in 
the blue luminescence at 80°K. (a) The ratio J»/I,, as a function 
of wavelength of the second excitation, after first excitation with 
0.374. (b) Effect of different wavelengths of the first excitation, 
with second excitation by 0.331, 


3 See for example C. K. Coogan, Proc. Phys. Soc. (London) 
B70, 845 (1957). 
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Fic. 3. Curve a (left scale), like curve a in Fig. 2 (at 80°K), 
curve b (right scale), the same at 200°K. 


Some crystals which exhibited the described phe- 
nomenon in the blue component at low temperatures, 
showed at temperatures above 150°K, an inversed 
effect, i.e., transients appeared upon excitation with 
longer wavelengths (~0.37u4) after previous excitation 
with shorter wavelengths (~0.33u). This inversed 
effect was comparatively weak, and was observed 
mainly in the green luminescence. The decay from J,, 
was very fast in this case, and the stationary value 
(I) was usually reached within a few seconds. 


B. Effects on the Thermal Glow 


The glow curve of the investigated crystals is com- 
posed? of a blue peak at about 120°K, a green one at 
about 160°K, and another very weak, green, peak at 
above room temperature. 
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Fic. 4. Same“as Fig. 2 except for the green luminescence band 
at 290°K. First excitation in curve a, 0.40u; second excitation in 
curve b, 0.342. 
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More information on the processes involved in pro- 
ducing the transients was obtained from measurements 
of the intensities of the glow peaks produced by ex- 
citation with various wavelengths. 

In one set of experiments the crystal was excited to 
saturation: (a) with 0.374 alone, (b) with 0.331, light 
of the same intensity, (c) with 0.37 followed by a 
second excitation with 0.331y light. 

For the 160°K green peak, the light sums were found 
to be equal for the excitations a-c. For the blue peak, 
however, the light sums depended upon the manner of 
excitation. Upon excitation with 0.374 (case a) the 
blue glow was three times as intense as that obtained 
with 0.331 (case b). It is interesting to note that upon 
repeated excitation with 0.37 and 0.331 (case c), the 
intensity of the blue peak was found to be reduced to 
the value corresponding to excitation with 0.331 
alone. It seems, therefore, that the second excitation 
does not affect the occupation of the green traps estab- 
lished by the first excitation. It changes, however, the 
occupation of the blue traps. The transients are thus 
obtained while the concentration of carriers in the blue 
traps, is changed from the state reached on the first 
excitation, to that corresponding to saturation by the 
second excitation. The factor 3 in the relative glow 
intensities obtained with 0.374 and 0.331 fits fairly 
well with the ratio J,,/J,,= 2.3, obtained for the same 
crystal and at the same conditions. The difference 
should be attributed partly to the slow response of the 
recorder, which tends to reduce the measured J» value, 
and partly to self-decay which takes place at the time 
from the cutoff of the first excitation, to the exposure 
of the crystal to the second excitation. 

At short exposures (far from saturation) the thermo- 
luminescence excitation spectra were found (both for 
the blue and green components) to follow very closely, 
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Fic. 5. Excitation spectra at saturation for the blue band. 
a) For the 120°K thermoluminescence peak; (b) for the steady 
luminescence at 80°K. 
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the corresponding steady luminescence excitation 
spectra.” The experiment described here indicated that 
this is not the case with the thermoluminescence ex- 
citation spectra obtained at saturation. Such spectra 
for the blue and green peaks were now taken with ex- 
posures about 10 times those needed to obtain satura- 
tion of the 120°K blue peak with 0.37u, and of the 
160°K green peak with 0.40y light. The results are 
given in Figs. 5 and 6 for the 120 and 160°K peaks, re- 
spectively. The steady luminescence excitation spectra 
at 80°K are given for comparison.‘ The ordinates for 
the luminescence intensity were chosen to enable the 
two curves to fit at 0.3654 for the blue component 
(Fig. 5) and at 0.40u for the green one (Fig. 6). 

The thermoluminescence excitation spectrum for the 
blue peak [Fig. 5(a) ] still closely follows that for the 
blue luminescence (curve b), except for some flattening 
near the maximum of the curve, which becomes more 
pronounced upon further prolongation of the ex- 
posures. Near the absorption edge at about 0.33y, 
however, longer exposures do not seem to enhance the 
glow, which remains at this region much weaker than 
near the maximum at 0.365u. The curve [Fig. 5(a) ] 
very closely follows that obtained for the excitation of 
the transients in the luminescence [Fig. 2(b) ]. 

For the green component, the thermoluminescence 
excitation spectrum upon saturation [Fig. 6(a)] is 
more greatly flattened. In fact it is nearly flat for the 
whole spectral range between 0.33 and 0.43u. It is 
interesting to note the behavior at 0.33u. At this wave- 
length, the crystal absorbs quite strongly, and the ex- 
citing light is practically wholly absorbed in a thin 
surface layer of the crystal. Nevertheless, the lumines- 
cence at this wavelength is much stronger than that 
at 0.40u. The glow intensity at this wavelength, how- 
ever, very nearly approaches the saturation value ob- 
tained for the longer wavelengths. This point will be 
further discussed later. 


‘The fine structure in the excitation spectra near the absorp 
tion edge 5 


see footnotes 1 and 2) has been omitted in Figs. 5 
and 6 
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Energy band model for the ZnS:Cu:Cl crystals. 


III. DISCUSSION 


In previous work? we came to the conclusion that 
the blue and green bands arise from two separate sets 
of traps and centers. It has also been shown that the 
excitation spectra for thermoluminescence were identi- 
cal with those for the steady luminescence. This means 
that the intensity of luminescence changes parallel to 
the filling up of the related traps. One can understand 
this correlation only by assuming that the number of 
empty centers changes with that of full traps, so that 
the luminescence intensity depends, in fact, on the 
number of empty centers. This view fits the results ob- 
tained in the present work, and the transients can be 
explained as due to a reduction in the number of the 
empty centers which accompanies the reduction in the 
number of full traps during the second excitation. 

We shall start discussing the transients in the blue 
luminescence at low temperatures. One of the two 
models proposed in the previous work (footnote 2, Fig. 
8) seems a simpler way of explaining the present results. 
It is given in Fig. 7 with the additional transitions 
needed for the present discussion. 

It consists essentially of an electron trapping level 
and a luminescence center for the green band (7, and 
C,, respectively), and a similar pair of a hole trapping 
level (7) and center (C;) for the blue band. Electron 
transitions are indicated in Fig. 7 by full lines, and 
hole transitions by dashed lines. 

Ultraviolet radiation of 0.365u is assumed to produce 
mainly transitions — L,, by which holes in the centers, 
C;, are excited into the valence band (or levels near it). 
This radiation proves very effective for emptying the 
centers, and in subsequent trapping of the holes at 7). 
Exposure now, of the well-excited crystal to 0.33y 
radiation, results in the formation of free holes and free 
electrons (transition /y) across the forbidden gap). The 
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high mobility of electrons compared to that of holes,*.° 
makes the electron transitions J, more probable than 
the hole transitions J,. The former cause the number 
of holes trapped at 7; to be reduced. The balance be- 
tween the number of trapped holes and that of the 
empty centers (see the foregoing), seems to be restored 
by transitions Z,, which give the blue luminescence 
during excitation, and by the competition between 
transitions J, and J, of which only the latter add to 
the blue luminescence upon excitation across the gap 
(0.33u). As a result the luminescence is reduced from 
T, to I,,, the value established by dynamic equilibrium, 
taking into account all the mentioned transitions. 

The slow migration of the holes prevents similar 
effects (due to transitions J,, /,) in the green lumines- 
cence at low temperatures. This fits our experimental 
results, which show that the ‘‘green” traps (7) tend 
to be filled up to saturation by any wavelength be- 
tween 0.33-0.43u. The blue traps and centers seem to 
be in close connection, probably through excited levels 
very close to the valence band. This causes practically 
all the holes excited thermally from 7), to recombine 
at the blue centers.? The existence of such levels was 
also indicated by the structure in the absorption’ and 
in the excitation spectra! in this region. 

The sharp drop in the thermoluminescence upon 
excitation below 0.334 should be expected, as at these 
wavelengths, the excitation penetrates only a thin 
surface layer of the crystal, and thus only traps at that 
layer may contribute to the thermoluminescence. The 
drop in the steady luminescence is again, in accordance 
with the general behavior by which the luminescence 
intensity changes parallel to the thermoluminescence. 

It is interesting to note at this point, that the green 
glow peak obtained by excitation with 0.334 approaches 
the same saturation limit as that obtained upon ex- 
citation with longer wavelengths (see Fig. 6). This 
seems difficult to understand, remembering that 0.33u 
radiation penetrates only a thin layer, which is small 
compared with the thickness of the crystal. The light 
sum of the green glow peak should be proportional to 
the number of traps contributing to the glow, and this 
can not be the same in the thin layer penetrated by 
0.334, as it is in the whole bulk of the crystal, unless 
we assume that most of the green traps are located in 
the thin surface layer. Zalm et al. have shown® that 
copper-rich layers on the surface were necessary for 
electroluminescence. Such surface layers might also 
provide the main source for the green trapping levels. 
This proposition, however, is not enough to explain 
our results. First, light penetrating the bulk should 
activate all the outer layers around the crystal, while 
5 E. A. Kroger, Physica 22, 637 (1956). 

6 J. Lambe and C. C. Klick, Phys. Rev. 98, 959 (1955). 

7V. A. Arkhangelskaya and P. P. Feofilov, Optika i Spectro 
skopia 2, 107 (1957). 

’P. Zalm, G. Diemer, and H. A. Klasens, Philips Research 
Repts. 9, 81 (1954). 
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0.334 can activate only the layer at the surface of 
incidence. Second, the fall in the blue luminescence and 
thermoluminescence upon excitation near the edge, 
indicates a bulk effect. It would then be difficult to see 
how 0.334 which penetrates only a thin layer, can 
empty blue traps in the bulk, previously filled up by 
0.374 (see Results B). We therefore assume some mech- 
anism of energy transfer. This should not necessarily 
involve a diffusion of carriers into the crystal. The 
short wavelength tail of blue luminescence which is 
effective in exciting the green band, penetrates into the 
bulk, and at very long exposures might fill up the green 
traps and partly empty the blue ones by the transitions 
described above (Fig. 7). 

The transients at higher temperatures can not be 
related to the glow peaks at low temperatures. Those 
in the green luminescence may be related to the green 
glow above room temperature. This glow was, however, 
too weak for changes in its intensity to be measured. 
Similarly, the transients in the blue luminescence at 
higher temperatures, might be connected with a glow 
peak near room temperature. Such a glow was not ob- 
served, probably because of temperature quenching, 
which is strong for the blue luminescence near room 
temperature. It should be stressed that the transients 
at higher temperatures show a much faster decay com- 
pared to those at low temperatures, indicating that 
only a small number of traps are involved. 
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The appearance of transients in the green lumines- 
cence indicates that transitions J, become more pro- 
nounced upon raising the temperature. This might be 
explained by the increase in the free hole migration 
upon increasing the temperature of the crystal.’ 

The inversed transient effect observed in the present 
work appeared rarely and in a weak form, and it will 
not be discussed now. 

Transients also appear in other forms. The well 
known infrared stimulation and quenching of lumines- 
cence, often show initial bursts in the luminescence 
upon exposing the crystal to infrared, in addition to 
the uv radiation. Another form of transients was ob- 
served by Tolstoi and Feofilof..°" These authors 
describe the so called “light flashes” obtained upon 
repeated excitation of certain phosphors with the same 
wavelength. The mechanism of these flashes seems to 
differ from that of the transients described in the 
present work, and our crystals did not show the light 
flashes either in the blue or in the green component of 
the luminescence. 

®See, for example, G. F. J. Garlick, Luminescent Materials 

Oxford University Press, New York, 1949), p. 103. 

ON. A. Tolstoi and P. P. Feofilov, Doklady Akad. 
S.S.S.R. 68, 285 (1949). 

uN. A. Tolstoi, Doklady Akad. Nauk. S.S.S.R. 111, 582 


1956). (English translation, Soviet Phys. Doklady 1, 698 
1956 7). 
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The energies of the 14S, 2!S, 2 


S, 2}P, and 2°P states of helium have been calculated according to a 


method due to Pluvinage. It was shown that the Coulomb electronic repulsion term may be replaced by an 
effective potential function that accounts for first-order electronic repulsion effects on the wave functions. 
The deviations between calculated and experimental energy values vary between 0.01 and 0.06 a.u. 





INTRODUCTION 


NE of the main difficulties for describing atomic 

systems is to find a suitable method to account for 
electron correlation effects. An interesting contribution 
to this problem was supplied by Pluvinage’s calculation 
of the ground-state energy of helium.' In this case, 
it is known that the wave function depends only on the 
distances of the two electrons from the nucleus, 7 and 
v2, and on the interelectron separation wu. Pluvinage 
observed that the Schrédinger equation (in atomic 
units) may be rewritten in this case as 


(H®+H®)Y(n, ro, Ey (n, re, u), 
H® — 2r;")- l(g On; \[r2(d Or,) ] 
lig Ore) [ ro" (0 Ore) | 
— (1/u?) (0/du) [107 (0/du) } 


— (2/ry) — (2/re) +1, 
re—ret+ur oO 


- . (1) 
Or,0Ou U fo =) 


It is now profitable to treat H™ as a perturbation since 
it is to be expected that the contribution of H™ to the 
total energy is small. The ground-state eigenfunction 
and eigenvalue of the operator H are 

by = F(1+ 47k, 


2, 2iku) exp(—2n—2re), 


~i-+F, (2) 

where F denotes the confluent hypergeometric series. 
By taking the function ©, as a trial function with 

parameter # for a variational calculation of the ground 


0 


state energy of He, Pluvinage' obtained a value that is 
0.026.a.u. higher than the experimental value. 

A disadvantage of the Pluvinage method is the fact 
that it is difficult to evaluate integrals containing the 


confluent hypergeometric function F. In two recent 


145 (1950). 


papers,””* it was pointed out that it is possible to set the 
parameter & of Eq. (2) equal to zero without affecting 
the result for the ground-state energy very seriously. In 
fact, the deviation in the energy value increased only 
from 0.026 to 0.029 a.u. If & is set equal to zero, the 
function F (1+ 37k, 2, 2iku) reduces to a Bessel function 
Jy (2iv/u) /ix/u. The evaluation of the various integrals 
is now greatly facilitated and it may be possible to 
extend the method to more complicated systems.*"4 


AN EFFECTIVE POTENTIAL 


In the present paper a few changes in the mathe 
matical formulation of the Pluvinage method will be 
suggested. It will be shown that this will lead to the 
introduction of a new effective potential function for 
the electron repulsion. 

If, in the Hamiltonian of the He atom, the electron 
repulsion term is omitted, the solutions of this simpli 
fied system are 

Wn mo) = 2A n (1) Ym (2) Wm (L)n(2) FE (1, 2), (3) 
where ¢(1, 2) denotes the proper spin functions and 
Yn and y,, are hydrogenlike wave functions of nuclear 
charge 2. According to the works cited in footnotes 2 
and 3, we assume that the various states of the He atom 
are described by the approximate wave functions 


Vn mI (2in/u) /in/t. 


Wnm 
The corresponding energy is 


(Wn. | H | Yn) 
aes | Wiese ) 


Yum | G | Vn) 
(Yn.m | Wn) 


ss Ee +t Eat 


G — yo! { ( X1— Xo) [ (0/0x;) = (d, ‘OX2) 1 
+ (yi — ye) (0/091) — (8/dy2) | 


+ (21—22)[(0/d21) — (0/022) J} (0/du), (5 
21... Spruch and M. Kelly, Phys. Rev. 116, 911 (1959). 
3 P, Walsh and S. Borowitz, Phys. Rev. 115, 1206 (1959) 
‘P, Walsh and S. Borowitz, Phys. Rev. 119, 1274 (1960) 
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LOWER 


((1s),(1s)2 | uw" | (1s). (1s) 
((1s),(2s)o | u"™ | (1s)1(2s)2) 
((1s)1(2s)2 | u™ | (2s), (1s)2) 
((1s);(1s)o | u® | (1s)1(2s)2) 
(1s), (2p) | u™ | (1s)1(2p)2 


(1s), (2p)o2 ju" | (2p)i (1s)2) 


where the partial derivative operators act explicitly on 
the coordinates indicated. Integration by parts of each 
term with respect to the coordinate (2, x2, etc.) oc- 
curring in the partial derivative operators of the matrix 
element G yields 


Ua G | Wn m/ 


Wn m | Wn sm 


(nm | V(t) | bam 


(Wie a . | l ( u) | Yee ¥ 
where 
U (u) = {Si (2t+/u) /iv/u}? 


V (um) [3(e Ou") +u 1d, Ou) ll “(nm). (7) 


From the properties of Bessel functions? it 
easily that 


follows 


“ (2n+2)! 


U (u) u 
nay N!(n-+1) !(n+1) !(n4+2)! 


(2n +5)! 


nant (M+1) !(m+2) !(n+2) !(n+4)! 


V (u) n 


u. 


In treating two-electron systems it is thus possible 
to account for electron repulsion by replacing the 
Coulomb potential function (1/u) by V(#) if the 


normalization operator 1 is simultaneously replaced by 
U(m). 


LOWER EXCITED STATES OF HELIUM 
These results may now be applied to a calculation of 


the lower energy levels of helium. The wave functions 


TABLE IT. Calculated and experimental energy levels of helium. 
The quantities /’ are obtained by mixing 1'S and 2'S states. 





State lente E’ 


- enle 


PS 87 - 2.88926 


— 2.09163 


.06777 


2.07905 


5G. N. Watson, A Treatise on the Theory of Bessel Functions 
Cambridge University Press, New York, 1945), p. 147 


EXCITED ENERGY 


{ (n+-1)!/81} {2-"*! (9n3+-9n?+-114H 
1/5.3"*9)32(n—2)n(n- 


2 2048v2/2401) (n+-1) !{3-"“ 


LEVELS OF HELIUM 


ABLE I. Formulas of matrix elements of w”. 


(1/3.4"*?) (m?+-10n+24) (n+2)! 


64) +27-2"-1(45n+418) | 
4) (n+6) (n+2)! 


19n? +-406n — 1944) + 2-2"? (7n+-90) } 


5 (+1) 1{2-"*1(9n3 +-45n?+ 162n+-80) +272"? (30n+332) } 


32/5.3"*) n (n+4) (n?+14n-+48) (n+2 


that will be used are all defined by Eq. (4) and the 
orbital parts of the functions Wnm are, in the cases 
that will be considered, 


(15)1(15)¢ 


2-3} (1s)1(2s)o+ (25)1 (15) 0} 
24} (15) 1(2p2)o+ (2p2)1(15) 0}, 9) 
where the expressions between brackets denote hydro- 
genlike wave functions of nuclear charge 2 and the 
subscripts denote the coordinates. 

The calculation of the various terms does not present 
serious difficulties. For example, let us outline the 
calculation of a matrix element containing 2p functions: 


fi 1s)1(2p.) ou" (1s)1(2p;) odridre 


[(4s)x(2p.)aur(as )1(2 pz) onyre? sinB, sinOi2.dridre 


X 0d 62d hxd 2. 


The integrations over 62, ¢2, and ¢12 are performed first. 
The next step is to replace the integration over 612 by 
an integration over u« and substitute s=+7. and 
{=n—r.. The integral is then reduced to 


(2/3) | wduf e aif (s?— 2st+-£) (s?@— i) e*ds, 


“0 


which yields an explicit expression in 7. 
According to this procedure, all matrix elements of 


PasLeE III. Comparison with other calculations in which no 
adjustable parameters are employed. The differences between 
theoretical and experimental results are reported. A‘; and AE’, 
are obtained from Table II. AZ, and AF’; were obtained from 
hydrogenlike wave functions for nuclear charge 2 but containing 
no uv, and AF; were obtained by Heisenberg.* 


Ak AE’; Ak, AE's AE; 


0.01446 0.15372 
0.05436 


1's 0.02910 0.07328 
2'S 0.00566 
23S 


I 
)3 P 


0.10964 0.15008 0.02585 


0.03240 0.05111 0.04747 


0.05608 0.14359 0.00158 


0.05413 0.08464 0.00319 


® See footnote 6 











Fic. 1. Comparison of various correlation functions. Curve A 
represents the function J;(2iy¥u)ivu, curves B and C are the 
numerical correlation functions obtained by Green ef al. and by 
Roothaan and Weiss, respectively 


the functions U(u) and V(u) may be obtained as 
fairly rapidly converging infinite sums. For the states 
considered the formulas are relatively simple and are 
reported in Table I. The various energy levels, together 
with the experimental values, are listed in Table II. 
For the sake of completeness, the ground-state energy 
has been included also; it is equal to the value pre 
viously obtained by Walsh and Borowitz.* 

The relatively good result for the 2'S state is fortui- 
tous and is due to the fact that the wave function is not 
orthogonal to the ground-state wave function. This 
defect may be removed by constructing a trial wave 
function as a linear combination of wave functions 
describing the 1'S and 2!S states. In evaluating the 
two roots of the corresponding secular equation, it has 
to be borne in mind that 


(Wn m | H | Wn’ m’ + 
= ( Ba mt En U(u) | Parmer ) 
i ,: 


The results of this calculation are reported in the third 
column of Table IT. 


+2 (Wnm | V(t) (10) 


DISCUSSION 


In order to judge the relative merits of the present 
work, it may be helpful to make a comparison with 


AMEKA 


other calculations where no adjustable parameters are 
employed. Such a comparison is made in Table III. 
On comparing the A/; and A» values one may con- 
conclude that the introduction of the function 
Jy (2ix/u)/ix/u in the wave function improves the 
accuracy of the calculations by a factor varying 
roughly between 2 and 5. On the other hand, the 
present results for P states seem to be less reliable than 
those obtained by Heisenberg® as early as 1926. 

On the other hand, it is not entirely fair to base our 
comparisons only on the number of adjustable param- 
eters in the wave functions, because the amount of work 
involved in computing the matrix elements of U(u) 
and V(#) is not much less than introducing a few 
parameters in the wave functions and minimizing with 
respect to the energy. 

It may be interesting to compare the behavior of the 
function J,(2i,/u)/ix/u (compare the work cited in 
footnote 7) with other correlation functions, in particu- 
lar with the numerical correlation functions obtained by 
Green et al.8 and by Roothaan and Weiss.’ The three 
different functions are presented graphically in Fig. 1. It 
follows that for small « the three functions are quite 
similar whereas for larger « they start to diverge. How- 
ever, the behavior of the correlation functions for large 
wis relatively unimportant since for that case the orbital 
functions become very small, so that the total wave 
function, which is a product of orbital and correlation 
functions, also becomes small. 

Our results show that the modified Pluvinage method 
offers a relatively simple way to obtain moderately 
accurate energy values for the helium atom without 
the use of any adjustable parameters. It may prove 
to be useful to calculate quantities that depend strongly 
on uw, such as spin orbit and spin-spin interactions. On 
the other hand, a significant improvement of the 
accuracy would involve very tedious calculations. A 
simple fashion for extending the method to more 
complicated systems has not yet been found, although 
promising attempts in that direction have been made in 
the works cited in footnotes 3 and 4. 

By introducing an appropriate value for the nuclear 
charge Z, the formulas of Table I may easily be ex- 
tended to calculations on He-like ions. 


5 W. Heisenberg, Z. Physik 39, 499 (1926). 

7M. Abremowitz, Tables of Bessel-Clifford Functions of Orders 
Zero and One, National Bureau of Standards, Applied Mathe 
matics Series 28 (U. S. Government Printing Office, Washington, 
D: Cc, 1953). 

’L. C. Green, C. Stephens, E. K. Kolchin, C 
P. P. Rush, J. Chem. Phys. 30, 1061 (1959). 

°C. C. J. Roothaan and A. W. Weiss, Revs. Modern Phys. 32, 
194 (1960). 


. C. Chen, and 
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The mean-square end-to-end distance (X?) and radius of 
gyration (S*) are calculated for polypeptide molecules in the 
helix-coil transition region. The helical content, the sequence 
length distributions of helical and randomly coiled sections, etc., 
are also calculated for illustration. The statistical mechanical 
model on which the present calculation is based, is essentially 
equal to the second models in Gibbs-DiMarzio’s and Zimm- 
Bragg’s theories, respectively, though formulation is made on a 
more general model for the two purposes, i.e., for some con- 
venience in calculating various quantities and for an examina- 
tion of the degree of approximation of the above model. As a 
result, this model is found to be very satisfactory in spite of its 
simplicity. In order to calculate chain dimensions, two configura- 
, is somewhat 
rigorous, account being taken of the effects of bond lengths, bond 


tional models are examined. The one (model I 
angles, and hindered rotations. Two kinds of residues, i.e., those 
involved in helical sections, and those in randomly coiled sec- 
tions, are distinguished by assigning different internal rotational 


potentials. The other (model IT), is more approximate but more 


tractable. It can be obtained by replacing a helical section by a 
rod with an appropriate length and a randomly coiled section by 
an appropriate random flight chain. Numerical computations 
show that the two models give very close results for the infinitely 
long chain in the region where essential dimensional change oc- 
curs. By using model II, the effects of statistical mechanical 
parameters on (X?) are examined in detail. As a result, for ex- 
ample, it is shown that the larger the mean number of residues 
involved in a helical section becomes, the larger (Kk?) becomes, 
even if the helical content remains unchanged. For large N 
(e.g., N>300), as chain configurations go from randomly coiled 
to rodlike, (K*) and (.S*) first decrease, pass through a minimum, 
and then increase until they reach the values for the perfect a 
helix. The appearance of this minimum is due to the considerably 
extended local configuration of randomly coiled residues. Namely, 
the appearance of a short helical section, turns the extended con- 
figuration to the folded one of the @ helix and hence the polymer 
chain shrinks. 





I. INTRODUCTION 


OLLOWING the announcement in the previous 

paper! (I) of this series, theoretical curves are 
drawn for the mean-square end-to-end distances of 
polypeptide molecules in the helix-coil transition 
region. In addition, the scope of the theory is con- 
siderably broadened by including more general cases 
and by calculating several other quantities which are 
required for full understanding of results and experi- 
mental test of the theory. First, the theory is extended 
to take into account the effect of degree of polymeriza- 
tion (D.P.) or the end effect, by using a simple con- 
figurational model (we shall refer to this as model IT) 
introduced in the Note of I. Although the importance 
of this effect on statistical mechanical behaviors of 
polypeptide chains has been well known experimentally” 
and theoretically,* and further, that on chain dimen- 
sions was already pointed out in I (p. 414), it was 
neglected in I because of mathematical difficulty in 
calculating the mean-square end-to-end distance by 
using the more rigorous configurational model (model I) 
on which the calculation of I was based. This effect is 
found to be serious and especially so, as can be an- 
ticipated, when the transition inclines to the helix side 
where essential dimensional change occurs. The two 
configurational models for polypeptide chains are 
numerically compared with each other for the infinitely 
long chain, by using reasonable values for parameters 


1K. Nagai, J. 
referred to as I. 

2 P. Doty and J. T. Yang, J. Am. Chem. Soc. 78, 498 (1956). 

3 J. H. Gibbs and E. A. DiMarzio, J. Chem. Phys. 30, 271 
(1959). 

‘B. H. Zimm and J. K. Bragg, J. Chem. Phys. 31, 526 (1959). 


Phys. Soc. Japan 15, 407 (1960), hereafter 


involved, in order to examine the usefulness and the 
range of validity of model II and hence justify our 
succeeding results and discussions derived using 
model IT. 

Second, it is obvious that in some range of the helix 
side of the transition region, polypeptide chains possess 
a configuration which is neither randomly coiled nor 
rodlike, and which therefore does not obey, of course, 
Gaussian statistics or any other simple one. The mean- 
square end-to-end distance, though it is nevertheless 
possible to calculate it, cannot then be compared with 
experimental data, since any simple relation does not 
hold between it and P(@) in light scattering (or the 
mean-square radius of gyration), in contrast with the 
cases of a random coil and a perfect rod. The mean- 
square radius of gyration, therefore, is also calculated, 
since it appears in the coefficient of (2 sin6@/2)? in 
P(@), in the special case where the refractive index 
increments of helical and randomly coiled residues 
happen to be equal. When this is not the case, the 
coefficient, though it is still also not impossible to 
calculate it, becomes more complicated and also loses its 
definite physical meaning. 

A few other quantities such as the helical content, the 
sequence length distribution, etc., are also calculated 
for comparison and full understanding of results ob- 
tained. The mechanism of the helix-coil transition has 
been one of the main objects of current theories*’ 


5J. A. Schellman, Compt. rend. trav. lab. Carlsberg, Sér. 
chim. 29, No. 15 (1955); J. Phys. Chem. 62, 1485 (1958). 

6T. L. Hill, J. Polymer Sci. 23, 549 (1957). 

7S. A. Rice, A. Wada, and E. P. Geidushek, Discussions Fara- 
day Soc. 25, 130 (1958). 

8S. A. Rice and A. Wada, J. Chem. Phys. 29, 233 (1958). 

9A. Miyake, Busseiron Kenkyu 2-4, 271 (1958). 

T,. Peller, J. Phys. Chem. 63, 1194, 1199 (1959). 
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and the discussion of itself does not need to be repeated 
here. However, between the mechanism of the transition 
and chain dimensions, there exist, as can be anticipated, 
very intimate relations, which is what we wish to elu- 
cidate in this paper. 

Some overlap with I in some early parts should be 
allowed in order to make this paper self-contained. 
Further, some similarity with Zimm and Bragg’s 
theory (Z-B’s theory) in the construction of partition 
function, is inevitable since the method employed here 
is the matrix method, which was used in the develop- 
ment of their theory. 


Il. THEORY 


Statistical Mechanical Model 


First, we present the statistical mechanical model 
briefly since details have been already given in I. The 
repeating unit of a polypeptide chain is regarded as an 
amino acid residue (—CO—CHR—NH—.). All the 
residues of a molecule are numbered as 1, 2, «++, V 
from the end, with a free carboxyl group. The state 
of the ith residue is described perfectly by the symbol 
us, Which is assumed to be one if the residue is distorted 
so as to form a helical section, and zero if it is un- 
distorted or involved in a randomly coiled section. 
More precisely speaking, the term “distorted” means 
that the rotational angles around the three consecutive 
bonds N—C, C—C, and C—N of a residue, are equal 
to those characteristic of the @ helix. The peptide 
nitrogen atom of the ith residue is assumed to be 
hydrogen bonded to the peptide oxygen atom of the 
(+4) th residue, if and only if, all the three residues 
put between them are distorted (See Fig. 1 of I). 
Then, an arrangement of the digits, zero and one, cor- 
responds to a state of a polypeptide molecule. Here, we 
exclude two kinds of sequences, 010 and 0110, since 
these states are, though not impossible, physically 
unreasonable. Namely, only one or only two consecu- 
tive distorted residues do not cause any intramolecular 
hydrogen bond and, hence, there is no reason for these 
residues to be distorted in the loss of freedom. In the 
present model, we have also neglected the possibility 
of breaking of only one or only two consecutive hydro- 
gen bonds, which does not disrupt the @ helix. This 
approximation would be fairly good for the following 
reason. The helix-coil transition does not occur when a 
hydrogen bond breaks without any other decrease in 


free energy, but does occur when the increase in energy 


on the breaking of a hydrogen bond is balanced with 
some other decreases in free energy, e.g., the increase 
in entropy due to the increase in freedom of the skeletal 
chain and the decrease in free energy due to exchange 


reactions of hydrogen bonds with solvent molecules. 


These two affairs do not appear to occur if the structure 


of the a@ helix is tightly held. 
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Partition Function 


We now construct the partition function by the 
matrix method. Generally speaking, when we wish to 
take into account the interaction among (at most) m 
consecutive (say) ith, «++, (i+-m—1) th residues by this 
method, it is convenient to construct a transition prob- 
ability matrix, each element of which denotes the proba- 
bility ofo ccurrence of the affair that one of all states, 
Mit**i+m—2, possible for the ith, «++, (¢+m-—2)th 
residues, is followed by one of all states, piss 
Mi+m—1, possible for the (i+1)th, +++, (t+m—1)th 
residues. In our problem m equals four, since the se- 
quence 0110 is the longest one among those within which 
the interaction must be taken into account. Seven pos- 
sible sequences of wi wit: Miy2 to be considered are 
given by 


111 
101 
O11 
001 
110 
100 


000 


The remaining one, 010, is omitted for the aforemen 
tioned reason. Our transition matrix, therefore, is of 
order seven. 

It is found to be convenient to consider separately, 
the contributions to the partition function from the first 
and Nth residues and the rest put between them. As 
for the latter group, we assume the contributions to the 
parrition function (or the statistical weights) from the 
middle residues of the sequences, 111, 101, 011, 001, 
110, 100, and 000, to be a, 3, a2, ¥1, a1, Yo, and 1, 
respectively, as shown in the foregoing list; 1, assigned 
for the middle residue of the sequence 000, arises 
merely from the fact that the free energy of the per- 
fect random coil is chosen as the standard of free 
energy. Here a measures the decrease in configurations 
of chain skeleton, accompanying the instance when a 
residue is distorted or brought from a perfect coiled 
section to the middle parts of a helical section. Here 
too, a and a, are similar to a, except that they are 
assumed to include all unusual effects encountered at 
both ends of a helical section. They will appear in the 
pair, aja, in solutions of the present problem, since 
one helical section always has two ends. Further y 
and y. are the contributions from two undistorted 
residues adjacent to both sides of a helical section, 
respectively, and 3; is the contribution from an un- 
distorted residue adjacent to helical sections at both 
sides. These are probably smaller than unity because of 
various steric hindrances. Further, 8 is assumed to be 





DIMENSIONAL CHANGE OF 
the contribution from the formation of an intramo- 
lecular hydrogen bond, including the effect on solvent 
molecules. Since three consecutive distorted residues 
always bring about one hydrogen bond, 8 appears al- 
ways in the pair with a. 

Our aim of adopting a somewhat complicated sta- 
tistical mechanical model in this state, as compared 
with other authors,’ is not a refinement of the models 
themselves but is of some convenience in calculation 
and in an examination of the degree of approximation 
of a simpler model, which will be employed in this 
paper soon and which has already been employed in 
those of other authors.’ 

The matrix associated with a residue belonging to the 
latter group can be chosen as 


Gc U YG 


G «@ @ 


71 


si 
where 


o=ap. 


The (k, /) element of the matrix, except for the (3, 5) 
element, equals the probability of occurrence of the /th 
state (numbered from the top in the foregoing list) 
among the seven sequences possible for three conse- 
cutive residues when the second and third digits of the 
kth sequence equal to the first and second digits 
of the /th sequence, respectively, and equals zero other- 
wise. The (3, 5) element, which produces the pro- 
hibited sequence 0110, is taken as zero. 

We assume the contribution from the first residue, 
which can never be involved in a helical section, to be 
y- when the second residue is distorted, or y- when it is 
undistorted. Then, the matrix with this 
residue is found to be 


associated 


P-(y-, y) =the matrix whose (7, 4) element 
equals y,’, (7, 7) element equals ¥., 
and all other elements are zero. (3) 


Similarly, the matrix associated with the Vth residue is 


DalYa, Ya’) =the matrix whose (5, 6) element 
equals y,’, (6,7) and (7, 7) elements 
equal y,, and all other elements are 
zero. 


The meaning of ya and y,’ is now obvious. 
? 


POLYPEPTIDE 


MOLECULES. II 
The partition function is given by 


r , 76 
Zn (a, kad ta) 7 hy 2%, ¥3) {4 2 


SAE[Pe(Ye, Ye’) {P(a, 
X Pala; Ye ) 1 (5) 


where the symbol “SAE” denotes the sum of all 
elements of a matrix in the succeeding bracket. 

To evaluate Eq. (5), it is convenient to expand 
P(a, +++, 3) by its eigenvalues and eigenvectors. The 
characteristic equation of this matrix is found to be 


M(A—<o) (A—1) —oayas}yiyoty3(A—1 ) 1=(. (6) 


The five roots of this equation, or the eigenvalues, are 
denoted by Au, Ae, **+, As in their order of magnitude, 
i.e., A> A2> +++ >As. The doubly degenerate eigenvalue, 
zero, of the matrix, does not enter into our problem. 
On solving the relations 


Pla, e*+, y3)U(A) =AU(A), 
and 
V(A) p(a, +++, ¥3) =AV(A), 
where 
A=A1, Ag, 2° *, As, 
and 


V(Ax) UAL) = 6x1, 


where 6,: is Klonecher’s delta, we have, for normalized 
right-hand side and left-hand side eigenvectors, 


ga. 0 0a2\—o 


wWAA a 


TaAYY1 


gayy; ) 
\2(A—1) A2(A—1)/ ’ 


wan)=(1 


and 


ays A\-—o 


anyiy2 &1aye aye 
V(A) c(ay( = a ; ) 
” a W(A—1) 


MW(A—1) A 


(10) 

where A\=Aj, Ao, + °°, As, and 

c(X) =N3(A—1) {544-4 (1 +0) 8-302 —oananys}—. 
(11 


Then the matrix P(a, +++, ys) and hence {p(a, 
v3) }¥-? may be expanded as 


Pia; s; ys) = >Au(A)V(A), 
» 
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ip GQ. 


where the summation must be taken over A 
Since 


‘Yu(rA) V(A) pal 
TQ\Q2r 
have, 


on inserting Eq. (13) into Eq. 


Yd oayad® 
r 


(15), 


*A—1) Hy (A—1) Fry 


| «a a BES 
i a¥2} (oA 


~4(1+0)\'+3od?—aajacy;!} 


(15) 


vif (0, Q, 1) 


v1 f:(O, 0, 


and 


fily., Ye)=Pclve, Ye) with yfi(O, 0) and 


y-f1(0 
fy \ Yay 


, 1) instead of y. and y,’ 


, Tespectively, and 


=Pa(Ya, Ya) with yafw(O, 0) and 


Ya fv (1, 0) instead of y. and y,’, respectively. (19) 


Though f(y, we, ***, wv) in Eq. (16) 
functions determined by 
residues, we 


of 


is a product of 
states of three consecutive 
if necessary, average a product of 
states of (at most) 


can, 


functions four consecutive 


residues. 
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Now we show how a quantity determined by states 
of some or all of the residues can be averaged over this 
partition function. All of the quantities encountered in 
the following have the form 


f (un, me, °°, BN) 


N-1 
fi(ur, we) {L] fi(u: ty Mis Mita) | fw (una, un). (16) 


Remembering that each element of P(a, ***, Ys) 
represents the relative probability of a given residue 
being in a certain specified state, we find, for the re 
quired average 


(f(r, oe, °° 


XSAEL fil Ye, *, 13) } fw (Ya, Ya’) J, 


N—1 
7.) I] f ,(a, " 


(17) 


where f ;(a@, +++, y3)’s are given by 


0 
v2 fi(1, 0, 0) 0 


0 


| 
| 
f (0, 0, 0) | 
| 


1) 0 f:(0, 0, 0) 


-, V—-1, 


Although Zy(a, +++, ya’) isa function of a, B, +++, Yo, 
it is very troublesome to indicate this fact on Zy(a, 

*, Ya’), as we have done until now. Since we are, 
ultimately, only interested in the case where 


Vi= V2= Y3=Ve= Ve = Va= Ya = 1 (20) 


’ 


let us introduce the following rule, i.e., a and 8 are not 
indicated explicitly since they are always involved; 
a and a are indicated explicitly only when they differ 
from @; 71, Y2, ***, and Yq’ are indicated only when 
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they differ from unity. This rule is assumed to hold for 
Pla, ++, ¥3), De(Yey Ye) PalYa, Ya’), fila, ++, Ys), 
fi(ye, Ye’), and fy (Ya, Ya’). 

In the special case described by Eq. (20), the eigen- 
value equation, Eq. (6), reduces to 


M(A—«a) (A—1) =ae’, (21) 
whose four roots are denoted newly by Ax, As, As, and A4, 
in their order of magnitude. One root of Eq. (6) be- 
comes zero, and hence does not again enter into our 
problem. Equations (9)~—(11) and (15) become 


wn) =(1 
adt—o\-—-ca ah—o 
V(A) =c(A) l 


2 6 ca \)* oa 


cao aaX\—o\—o al 
MX A a a a , 


c(A) =A(A—1) {4-3 (1 +a@)A4+20}7! 
with A=), As, Az, As, and 


s (25) 


Zy= >\¥ (A—o) {4\?—3(1+a)A+2e} 
» 


This simple statistical mechanical model is essentially 
equivalent to the second models in Gibbs and Di- 
Marzio’s (G-D’s) and Z-B’s theories, respectively. It 
seems to be the most reasonable one among those con- 
taining less parameters than three and hence is also 
adopted in this paper dealing with chain dimensions. 
We shall confine ourselves only to this model through- 
out, except where the degree of approximation to it 
will be examined. 


Helical Content and Fraction of Intact Hydrogen 
Bonds 


These quantities, although having been fully dis- 
cussed by many authors, are again calculated here, since 
they bear a close relationship to our main subject in 
many respects, as will be seen in the following. These 
quantities can be expressed in two alternative forms, 
which we shall show first for the fraction of intact 
hydrogen bonds. 

Since the number of intact hydrogen bonds may be 
expressed as 

N—1 
oui WH iM i+), 


i=2 


and its maximum value is V—4, the fraction of intact 
hydrogen bonds, cy, is given by 


N-1 
ev= (N—4) 7D) (um imi). 


i=2 


(26) 


FOLY PEPTIDE 


MOLECULES. II 
On applying Eq. (17) to each term, we have 


] 


(wi-mwitivn)=Zny SA ELp.p*?o(dp/dc) p*—*'p. |, 


or, on inserting p given by Eq. (12) into Eq. (27) 
noticing the relations 


V(A\,)a(Op Oo) U(Az) =Axnc(Ak), 
and 
SA F[ pad.) ¥(A2) pa | 
= (aa?) (Ap —a)AP(Ai—a) c(Ad), 


(ui Miia) = Zn} (ca?)” Sc (Ae) c (AD) AZ (Ao) 
kl 


XAF(M—o) MAAN, (30) 


One form of cy can be obtained by noticing 


N-1 = 
ew= (N—4)Zy 1) SA EL .p**0 (4/40) PY" Po | 


i=2 


= (N—4)"'Zye(dZy/d0) = (N —4)—(0 InZy/d Ino). 


(32) 


On performing the calculation involved, we have 
en= (N—4) 1 Zy7 DW{Ne(aye(a) —h(r)}, 
nN 
with 
¢(A) = (A—o) {44?—3(1+0)A+2¢} 


and 
1,(A) = 24(A—1) (A—a) (242-0) {427-3 (1 +0)A4+20}°. 


(35) 


The other form is obtained by inserting Eq. (30) into 
Eq. (26) and performing the summation over 7, 


cy = (N—4)— Zn (ca?) USS c(dx) (Ar) M2 (M2) 
kil 


KAP (Ai—a) (Are) HANA), (36) 
where the summation extends over k, /=1, 2, 3, 4. For 
the same & and 1, (Ai—Ax)~!(A*? A): should be 
replaced by its limiting value, i.e., 


(Ai— Ak) BAN? —A, A) = (N—2)A.4-*, when k=l. 
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This promise is assumed to hold throughout this. paper. 
For the infinitely large V, we have 
Co=C(1). (37) 
Che two expressions for cy, Eqs. (33) and (36), are of 
course equal to each other, in spite of considerable 
difference in their superficial forms. The two methods 
described have merits and demerits, respectively. As is 
easily seen, for example, Eq. (36) has more systematic 
form, on the one hand, but contains more terms, on the 
other hand, than does Eq. (33). An essential advantage 
of the second method, however, is its wider applica- 
bility. Whereas the mean-square end-to-end distance 
can be calculated by both methods, the mean-square 
radius of gyration can be calculated, only by the second 
method.*! Generally speaking, the first forms are useful 
for simple quantities such as cy, but the second forms 
are preferable for complicated quantities, because of 
their compactness when both methods are applicable. 
The helical content the distorted 
residues) is given by 


(or fraction of 


u;) is given by 
(ui)=ZnySAE[p.p*a(dp/da) p*—*"'p, |, 

or, on using Eq. (29) and the relation 

V(A,) a(Op/da) u(rz) 


=X! VN DR HEA (AR —o) +-ri(A1—o) c(Xx), 


Mi =Zy (aa?) Dr ye(Ar) Ar Ag—o) AL(A1—o) 
k,l 


x {ArAj +A; (A.—o) +2 Ai—o) rr, ! 2) N-+ 1 
After the same procedure as used for cy, we find 
ty= (N—2)—"(0 InZy/d Ina) 


= (N—2)—-Zy “9 { NE(A) (A) —12(A) }, 


A—1) (3A—2e) {442-3 (1+0)A+20}-, 


2\(A—1) (A—c) (6A? —80A +30?) 


x {442-3 (1+0)A+20}-3, 


NAGAI 
or alternatively, 
ty= (N —2)7Zy7 (ca?) 


X doc(Ac)e(Ar) Ag (Ae —o)Ar(Ar—) 


kil 
X {AArtAc (Aco) FA(Ai—¢e) } 


(45) 


X (A—de) HANA). 
For the infinitely large V, we have 
a= 


(1). (46) 


Frequency of Alternations of Helical and Randomly 
Coiled Sections, and Sequence Length Distributions 


First we calculate the former quantity. The mean 
number of alternations can be expressed as 


N—1 
D> (uia(1—pi) 


N-1 
EY (usa(1—u,) +p i(1—pi4s) ). 


On noticing the relation 
a(OP(az) /dar) +a(Ap(a) /da:) =a(dp/da) 
—a(dp/dc), (48) 
we have, for the mean frequency of alternations, nw, 
nn =3{(0 InZy/da) — (0 InZy/do) }, (49) 
which, according to Eqs. (32) and (42), becomes 
nn=3{(N—2)iv—(N—4)en}. (50) 


It can be found that 


lim gw /N = (A—1) (A—o) (442—3(1-F0) +20}. 
Nw~o 


(51) 


Next we proceed to calculate the distribution in 
numbers of residues involved in a helical section. Since 
the probability that the ith, (i+1)th, +++, and jth 
residues constitute just a »:(=7—i+1)-helical section 
(i.e., a helical section containing just residues) can 
be given by | 


(1m) mimigae? Mepor 1(1—pisy,) /y 


the mean number of »-helical sections, Ly(), is 
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written as 


N—vy 
Ly (1) = D(1 —Mi-n) Mimiqr? © * Mit yy- 1(1—pe4»,) » (52) 


which, on remembering that y; and py are always zero, 
may be written as 


N—v}4+2 


Ly() = x (iaMit* *Migny 2) 


9 
v2 


N—v}41 N—» 
—2 (ui Wir? Minna) + >, (i Mic * *Mity,)- (53) 
L i=? 


i=2 


The quantity (uiamir+*uiss-2), on the other hand, is 
given by 
(MiMi * *Mitn-2) 


=Zy"SAE[p.p co" (dp/da) "2 p*—-##2p, | 


=Zy— a" $4 EL ppc (dp/dc) p’—"-*2p, J. (54) 


The first sum in Eq. (53), therefore, becomes 
N—v}+2 
(Mies * *igny—2) = Zo"? (IZ n_»143/00). (55) 
i=? 
The second and third sums are merely equal to Eq. 
(55) with +1 and +2, instead of , respectively. 
Thus we have 


Ly () = Zn {0 (OZy_+,43/00) — 20" (dZn_»,42/00) 
+o"!(OZy~»441/00) } 
=Zya’o"! 2 rr { (N—»,+1) (F(A) )?—J3(A) }, 
x 


(56) 
with 


T3(X) = 2¢ (A) [442-3 (1-0) A420} 


X {€(A) (OX —3A—3eA+o0) —2A+o}. (57) 


It can be found that 


lim Ly (1) /N=ne(A1) (4—o/d1) *. 
No 


(58) 
The expression for randomly coiled sections can be 

obtained similarly. On noticing the relation 

V(Ax) (OP (¥2) /Ay2) { p—a(Ap/da) — (Ap(y1) /dy1) 

— (OP (v2) /Ay2) — (OP (ys) /Ays) }”? (AP (y1) /O11) (Ar) 


=V(Ax) (Op(ys) ‘Oy3) u(r), (59) 
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we have, for the mean number of vp-coiled sections, 
Mn() = Zn [OZn—vo41 (73) /OY3_}y ol 
= ZyoM—0{ (WN —vo+1) (A—1)°0 (6 (A) 2 
» 


—I,(r)}, (60) 


with 
T4(A) =2(A—1)?(E(A) )?{ 442-3 (1-+6)A+20}7 


x {10\2—6(1+0)A+3e}. (61) 


Also we have 


lim pM y (v9) /N = voc (A) oae?( 1/1)” *. 


No 


(62) 


Equations (60) and (62), although having been derived 
for vo> 3, are found to be valid for all »’s. 

Equations (58) and (62) are similar to sequence 
length distributions encountered frequently in sta- 
tistical theories of copolymers."" Now o/A,(1/A1) might 
be regarded as the probability of finding one distorted 
(undistorted) monomer being followed by another 
monomer of the same kind. 

Finally, the mean values of », and vp are given by 

(vy, )= (N—2)éy nN, (63) 
and 


(vo) = {N—(N—2)éw}/(nw+1), 


which reduce to (in the limit of N-~), 


(64) 


(v1) = (3A1—20)/(M—«), (65) 
and 
(v9 )=Aa/(Ai—1). (66) 


Mean-Square End-to-End Distances 


Now we proceed to deal with our main subject, i.e., 
the calculation of mean-square end-to-end distances. 
For this purpose, two configurational models are used 
in the following. 


Model I 


In this model, account is taken of the effects of bond 
lengths, bond angles, and hindered rotations of skeletal 
polypeptide chains. The most useful method for de- 
scribing end-to-end distances of any macromolecule by 
basic quantities characterizing its local configurations, 
is the one proposed first by Eyring,” which has recently 
been followed by many authors'*- for studying the 


11 See, for example, T. Alfrey, Jr., J. I. Bohrer, and H. Mark, 
Copolymerization (Interscience Publishers, Inc., New York, 
1952). 

2H. Eyring, Phys. Rev. 39, 746 (1932). 

13 T. M. Birshtein and O. B. Ptitsyn, J. Tech. Phys. (U.S.S.R.) 
29, 1048 (1959). See also the many works of Russian researchers 
cited in this paper. 

4S. Lifson, J. Chem. Phys. 29, 80, 89 (1958) ; 30, 964 (1959) 

16K. Nagai, J. Chem. Phys. 30, 660 (1959) ; 31, 1169 (1959). 

16 C. A. J. Hoeve, J. Chem. Phys. 32, 888 (1960). 
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chain dimensions of stereospecific polymers in solutions. 
Our point of view in applying this method to the pre- 
sent problem is that, for transformation matrices of 
distorted and undistorted (not the matrices 
appeared in the preceding sections, but the ones ap- 
pearing in the expression for the end-to-end distance!) 
we should assign some different average matrices be- 
cause of considerable differences in their mean con- 


residues 


figurations. We give here only the final expression for 
this model and the definition of symbols; its derivation 
has already been given in I. 

The bond lengths of N—C, C—C, and C—N in each 
NH(—CO—CHR—NH—) CO—, are 
represented by 0), bs, and 63, and the supplements of 
the bond angles, ZNCC, ZCCN, and ZCNC, by 
and w 3, respectively. Here 6;, 62, and 63 are as- 
sumed to be the internal rotational angles around 
N—C, C—C, and C—N, and are measured from the 
trans position in a direction such that the chain skeleton 
is twisted in the right-handed sense (see Fig. 2 in I). 

For simplicity, rotations around all bonds are as- 
sumed to be independent. Then, the mean-square end- 
to-end distance 


repeating unit, 


W1, Wa, 


9 


(R®) can be expressed! as a sum of 
products of appropriate averages of such matrices as 


Sina, 0 


COSW 
| 


sinw, COS#; —COSsw, Cosh sind; 


sinw, sin®, —cosw, sind, —cos6;| 


(67) 


Averages of these matrices, of course, depend on 


whether a residue is distorted or undistorted, and hence 
are denoted as 


(A(9:, wx) )=Ay.c, (68) 


where uw has the same meaning as u,’s. From A,.x’s we 
define furthermore: 


A,= Ay, 1A,2A,.3, (69) 
> \ b+." + b;? ) E+2b,b.A, 1 +2bob3sA, » 
+2b,b3A, :A, 9, ( 70) 


Y, = b3Ay.3 +-boA, oA, »+5,A, 1A, oA, . C73 ) 


Z,, = b, E+ Ay 1 +03A,1Ay.2. 
For the infinitely long chain, we find 


R? N CE(A1) Kat {1—E(Ay) }Xo+2 


x Y;SuZ; + Y,S10Z0+ YoSoiZi+ YoSo 0} dia, 


(73) 
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where 


Sy c(i) C{ Ay i+ (l—¢ v1) (Ay '+A,*) }K 


X {Ar*+(1—¢ di) (Ar 1+ Ay?) } 
eet, A 14+ A, 24+ A) ’) adh 1—o di) (2A;!+-A;?) + 


Sio=c(A1) Qi) { Ar-+- (1-0 /Ay) (Ar!+ Ar?) JK 
X (AVE — Ao) 
Sor=c(A1) (Aro) (ALE — Ap) IK 
x {Aré+ (1-0/1) (Ar+Ar*) j, 


Soo c(Ay) (Ara) (A—1) 1 


x {A, 3_(g hi) Ay 24+ (ga dy’) E}K(\,.E—<Ao) . (74) 


with 


K {Ay ie \1) Ay *— (ga"* di) Ao (AVE — Ao) 1} 


When a@ becomes zero, 8 being finite, then \,;—1, 
&(\,) 0, K-A,’, Su, Sto, So 0, and So— ( E— Ap) 
Hence, Eq. (73) reduces to 


(Re? } N = [Xo+2 Yo E — Ao) 'Z |I 3 ; 


(76) 


which is the expression for the perfect random coil. 

Since in the preceding calculation any kind of end 
effects is neglected, Eq. (73) ceases to be valid for a 
finite chain when the transition inclines to the helix 
side and molecular configurations approach very near 
to the @ helix. It is not an easy task to take these 
effects into account in this model, and consequently 
we shall introduce a new, simpler model. 


Model IT.“ 


This model is defined as follows. A helical section 
containing » residues is replaced by a rod of »/; in 
length; a randomly coiled section containing vo residues 
is replaced by a random flight chain consisting of 
steps of J) in length, and they are combined alter- 
natively at ends by a universal joint so as to form a 
interrupted helix. The degree of approximation ac- 
companying this replacement depends on () and 
(yy); it becomes better as these quantities become 
larger. Detailed discussion on this point will be given 
in the next section by comparing numerical results 
obtained for these two models. 

Now let r;(i=1, «++, N) be the vector from the 
starting point of the ith residue [or the end point of 
the (i—1)th residue ] to the end point of the residue. 
The mean-square end-to-end distance, (R*) can then 


7 This model was first suggested to the author by Dr. A. Wada. 
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be expressed as 


N 
(R?)= = (r?)+2>> (r;-1j), 


i=1 i<j 


ers 


where (rj-r;) is the scalar product of r; and rj. To 
average R?, we shall use the second method since the 
first method, although also applicable, leads to a very 
lengthy and unsystematic expression.24 It is con- 
venient to calculate the following three kinds of terms 
separately: 


N 
(i) =D (r2). 


Ce § 


(78) 
Since (r;) may be written as 
(r?)= (ud?+ (1—ni) hk?) 
=I? {1—(1—h?/k*) (ui)}, 
it follows that 
Ji= NI? {1— (1 —?/k?) NN —2) En}. 


N-2 
(ii) Ie= >> (te Py). 


i=2 

(r;*Ti41) may be expressed as 

(Pie Pigs )=h? (wir wigs) 

=l?Zy"SAE{ pp aL dp(ar) /dc JayaP**" pa}, (82) 

which becomes, on inserting the relation 

V(Ax) aL Op (a1) /er Joya (Ai) =AAL(Ak+AAI— 7) C(x) , 
(83) 

(re Tiz)= hiZy-*(oa?)* 2 fc( Ne) (1) *(Ae—2) 


KAP (Ai— 7) (+A) OAL, 


Now we have 


(84) 


Jo= PZ (ca®)— Dc(dy) c(1) MEA) AP (Ar—2) 
kl 


X (deEAr—a) (Are) HAP), 
J3= po (ryeT;). 


25 i<j-1SN-2 


(85) 


(ili) (86) 


(r,-1;) may be expressed as 
(ree ts )=]? (umizie* uy), (87) 


which, according to Eqs. (54), (27), and (28), be- 
comes 


(ryeT;)=1?2Zy™ (aa?) Se(Ae) (Ar) Av (Ako) 
kl 


XAP(Ai—a) (A/a) 2 (Ar/o) X10, (88) 


On inserting Eq. (88) into Eq. (86), and performing 
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the summation over 7 and /, we find 


J3= Zy7(a0?)— Dc(Ax) c(A1) he (AR —o)AP(A1—o) 
k,l 


X (Ar— Ag) Ar —a) (AY 4 — 0) 
—N(Me—o) H(A 4-4) }. (89) 
Now for the required quantity we have 
(R?)= Si +2(J2+Js). 
In the limit of N-«, J;/N, J2/N, and J3/N reduce to 
bt i—(1—h?/he?)EQ)}, Qn) (21-0) /M, 


and 


(90) 


c(A)Ar/ (ua), 
respectively, therefore (R?) reduces to 
(R?)/Ni?= (R?)/ (Re?) 
= 1—£(A1) +[E(A1) +2€(A1) {3+07/A(A—o) } (12/12). 
(91) 


This equation should be compared with Eq. (73) for 
model I. 


P(@) in Light Scattering and Mean-Square Radius of 
Gyration 


We attempt to calculate these quantities for the 
reason mentioned in the introduction. Rigorously 
speaking, polypeptide molecules composed of one kind 
of amino acid residue, although being indeed homo- 
polymers chemically, might be considered as copoly- 
mers physically, in the transition region, in the sense 
that distorted and undistorted residues have very differ- 
ent configurations and environments. Therefore, it 
seems likely that intensities of light scattered from 
these are somewhat different. 

It can be shown that the intensity of scattered light 
(so normalized as to become unity at 6=0) from a 
molecule composed of two kinds of components, 1 and 
0, is given generally by® 


P(8) = { Do my;(On/de) yw} 


: >om,,m,, (On, 9C) y;(On/9C) p; 


7 (92) 


Here yu; is assumed to be 1 when the ith element 
(residue in our case) is the component 1, and assumed 
to be 0 otherwise. Here m, and mp are element (residue) 
weights of the components, 1 and 0, respectively, and 
(dn/dc), and (dn/dc)» are refractive index increments. 
x and s have their usual meanings, i.e., x=2mr/d and 
s=2 sin(@/2). Here r;; is the distance between the ith 
and jth elements, ((sinxsr ij) /KS7ij)u;,u; is the average of 


X ((simxsr ij) /KS1 ij )w5.u;- 


18 From discussion with Dr. H. Yamakawa. 
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(sinxsr,;;) /xsr;; in the case where the two elements are 
in the states specified by yu; and y;. It can be seen that 
P(@) reduces to its usual form 


P(@)= >> ((sinxsr sj) KS 4; 


i<j 


rigorously, only when ,(0n/dc):=mo(0n/dc)o, and 
approximately, when the distribution of the two 
components on a chain is nearly random and 


{(sinxsr;;) /KST 43) 


does not depend on yu; and y;. The latter case seems to 
apply to some synthetic copolymers.” However, this is 
not the case in our problem. Namely, most of the 
theories already published**!° have shown that the 
distribution of the two kinds of residues is highly 
blocked rather than random. Furthermore 


((sinksr jj) / KS sj 


depends strongly on yp, and y; for small 7—7, as can be 
easily presumed. Under this circumstance, it is the 
following quantity that we can obtain experimentally 
from the coefficient of (xs)? in P(6), 


V-2{ >, ,[0n/dc) y,}? 
i 


x >om,,m,,(dn OC) w;(O2/OC) ys 41 iF” ug .uj- (93) 


Only in the special case where m,(0n/0c):=mo(0n/dc) o 
or (0n/dc),;=(0n/dc)y (because m,=mp in our case), 
can we obtain the mean-square radius of gyration 


(94) 


Since the calculation of Eq. (93), although not im- 
possible, is very tedious, we give here only the expres- 
sion for (.S*). When we cannot find any system in which 
(dn/dc);=(O0n/dc)o we will be obliged to calculate 
Eq. (93) for comparison with experiment. 

Since fij=TiitPuetes++r; Eq. (94) 
written as 


may be 
> ¥ 6 Ee er )}.(95) 
0Si<iv<j!s jsN 


Just as we have done in the preceding section, we shall 
calculate the following three kinds of terms separately. 


fa 


OSi<i/SjSN 


CHES fog (96) 


; 
(ry?)= Doi(N—i+1) (r2). 
j i=l 


On inserting Eq. (79) with (u;) given by Eq. (41), 


19 W. H. Stockmayer, L. D. Moore, Jr., M. Fixman, and B. N. 
Epstein, J. Polymer Sci. 16, 517 (1955). 
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and performing the summation over 7,” we have 
Si*=184N (N+1) (N42) — (1—h2/le) Zy“(oo2) 
X doc(dx) (Ar) (An) (Aro) 
k,l 


X {AAA (Ano) +A1(Ar—«) } 
X (Ar Ag) 3 f W(ALY 2 — ANF) — (N+ 2)MAALY —AL*) }. 


(97) 


N—1 
(ii) Jo*= Soi(N —i) (rie Pint). 


i=1 


(98) 


On inserting Eq. (84) we have 
Egy = l?Zn “1 (ga?)- 1 


X Dee(re)e(Ar) Ae (Ano) Ar(Ar—@) (AeA — 0) 
k,l 


% (dra) (NW 1) (2H) 
—(N+1)d\A( AAAS) J. 


Gi) gyt= i(N—j+1) (ry-r;). 


> 


1Si<j-1SN-1 
Similarly we have 


J;*=12Zy—(ca’)- 1S c(Ae) (AD) AE (Ae) AZ(AI—) 
&,é 


X (Ar—x) 7 (Ar — Ax) PAFQU—o) 
X ((N—2)A4—-'— (N—1) oA *+04-) 
+2 (Mo) 2( (N —2) 2 (N—1) oN? 0-1) | 
—2dAr{Ai(Ar—a) 1 (AN? — oa) 


—di(Ae—o) (A292) } J. (101) 


2 In the procedure of summation over 7 used for deriving Eqs. 
(45), (97), etc., there remain some questions to be clarified. 
Equation (41) for (u;), derived from Eq. (39), has been verified 
to be valid only for i, being in the range 3<i<N—2, since the 
relation p*= ,\‘u(A)v(A) is defined only for 7 larger than 1. On 
deriving Eq. (45), however, we have considered Eq. (41) to be 
valid also for i=2 and N-—1, assuming implicitly that 
y,u(A)v(A) is the unit matrix. This is not so since, of seven 
eigenvalues of 2,u(A)v(A), four are unity, but the remaining 
three are zero. We shall show that our formal treatment, never- 
theless, is correct. Here p, and a(@p/da) may be written as 
P-=p.’p and a(dp/da) = pp’, where p.’= (dp(y-)/dy-) and p’ 
is a matrix whose (1,1), (3,3), and (5,5) elements are 1, and all 
other elements are zero. Now Eq. (39) is expressed as 


(ui)=Znw4SAELp.'p'p’p’—*"1p, |. 


On inserting p'=Z,\‘u(A)v(A), (£21), we find Eq. (41) again. 
Thus Eq. (41) now has been verified to be valid also for i=2, and 
even for i=1, Similarly, it can be verified to be valid also for 
i=N—1, and N. (In fact, (u:) and (uy) are identically zero.) 
Consequently Eq. (41) is valid for all 7. This circumstance is 
found to be true also for Eqs. (30), (54), (84), and (88). The 
reason for including the two insignificant terms (uy) and (uy) 
(being equal to zero) is merely because, by doing so, J;* becomes 
somewhat brief. Also for J2* and J;*, a similar procedure will be 
used for the same reason. 
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Thus we obtain”! 
(S?)= Ji*+2(Jo*¥+J3*). 
When k=/, the quantity 
(Ar—Ak) 3 { NW (ANH) — (N +2) ALAM —A,) }, 
appearing in Eq. (97) is found to reduce to 
(§)N(N-+1) (N+2)\9—. 
Consequently J;* reduces to 


J\*= (3) No? | 1 — (117/10?) E(1) 


(102) 


in the limit of N-+. Similarly J,* reduces to 
Jo* = (4) N41;2c(X,) (2X1 —0) /A, in the same case. When 
k=1, the quantity (Ai—dx)*[ _] in Eq. (101) reduces 
to 


§(A1—a) {6041 — (N—1) N(N+1) 0A 
+3(N—2)N(N+1)o7A— 
—3(N—2)(N—1)(N+1) oA 

+(N—2)(N—1) NA}. (103) 


Consequently J;* reduces to J;*= §l,2N%c(A1) \x/ (A —o) 
in the limit of N+. Thus for the infinitely long chain 
we find the relation 


(104) 


which manifests that the chain behaves essentially 
Gaussian in this case. 

It should be noted that no mathematical approxi- 
mations have been made in deriving all expressions in 
this section. 


III. RESULTS AND DISCUSSION 


We wish to start from an examination of statistical 
mechanical behaviors of the simple model described 
by Eqs. (20)-(25). The physical character of this 
model is expressed by the following two points. First 
the minimum helical section allowed is made of three 
consecutive distorted residues supported by one intra- 
molecular hydrogen bond (i.e., one turn of the @ helix). 
Second, the breakdown of the a-helical structure at 
some middle parts of the @ helix takes place when 
and only when three or more consecutive hydrogen 


1 Note the following point. Jo and J; can be written, alterna 


tively, as 
P haves OZ n (an) 
J,= (refi. =12ZN lay —nmeee Rete tey 
i On 
and 


J3=12Z yy 2 


2S i<jsn—-2 


oS 4 EL p-p* eo (ap/dc) p*~‘pa |, 


N-5 
=12Zy7 2D ot (dZNy_,/de). 
Ln] 


(R*) therefore, is obtainable also by the first method. Since this 
procedure is not applicable to J:*, J:*, and J;*, (S*) is unob- 
tainable by the first method. 
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bonds break. The conspicuous sharpness of the helix- 
coil transition experienced in this model is due on one 
hand to the difficulty of forming the minimum helical 
section, but, if once formed, it grows easily to a long 
helical section; the other hand, the breaking of three 
consecutive hydrogen bonds occurs rarely, but if it 
ever does, it gives rise to a rapid spread of both sides 
of the chain. As already pointed out, this model is 
equivalent to the second models in G—D’s and Z-B’s 
theories. Respective characteristic equations (Eq. (21) 
in the present theory, Eq. (16) in G-D’s, and Eq. (19) 
with 4=3 in Z-B’s) coincide with each other if we 
replace (xu)~!, Z—!, x! in G-D’s, and X, o, s in Z-B’s 
by A, a, o in the present, respectively. The relations 
among various parameters of these theories now be- 
come clear. The dependence of the fraction of intact 
hydrogen bonds on a, o, and D.P. N has been fully 
discussed. Though stress, therefore, is not laid upon it 
here, it seems worthy to add a few remarks. 

If one wishes to do some quantitative (rather than 
illustrative) discussion, it is desirable to determine a 
from experimental data since a quantitative estimate 
of numbers of possible configurations of distorted and 
undistorted residues from purely theoretical considera- 
tion is very difficult, just as that of entropy of fusion 
of low molecular weight substances is difficult. Zimm 
and Bragg‘ assigned a= 2!X10~ for poly-y-benzyl-1- 
glutamate in the mixed solvent system ethylene 
dichloride-dichloroacetic acid (1:4) by comparison of 
their theoretical results with the experimental data of 
Doty and Yang,’ and Doty and Iso,” on optical rota- 
tions of the two specimens different in D.P., i.e., 
N= 1500 and 26. We also shall use this value mainly 
in the following calculation, although results for a 
few other a’s will be included in order to examine the 
effect of a2 on chain dimensions. 

In all respects, it is worthwhile to know well the 
behavior of four roots of Eq. (21), which have been 
entering into all the expressions derived, and their 
relative weights, which they occupy in the partition 
function, in the transition region. It can be seen from 
Eq. (21) that as o goes from zero to ©, or the transition 
goes from the perfect random coil to the perfect a 
helix, the largest eigenvalue \; goes monotonously 
from 1 to © [in the order of O(c) ], A2 from 0 [O(e) ] to 
about 1—a’, \; from 0 to a, and dy from 0 to —a. Fora 
sufficiently small a, such as that described previously, 
the transition, however, is practically completed within 
very narrow ranges of o and hence di, do, As, and Ay. 
This becomes especially so, as a becomes smaller. For 
example, whereas for a=4X10~ the change in o from 
approx. 0.72 to 1.05 is required to bring &(Ai), the 
helical content of the infinitely long chain, from 22 to 
78%, for a=2!X10-2 the change from 0.98 to 1.03 
suffices to bring £(A1) from 21 to 78%. From this fact it 


2 P, Doty and K. Iso (unpublished). 
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can be also found that the smaller @ is, the sharper the 
transition becomes. For small a and hence o near 
unity, four roots are obtained as follows. Since Eq. (21) 
may be o=\(A—1) fa?+A2(A—1) }-1, we 
first calculate o for an appropriate A, larger than unity 
by this relation instead of solving directly \, for a 
given o. Here 3 and Ay are given approximately by 
Asrat je'ao(1+o) and Ay Y—at+}a’o(1+<e). 
Therefore, 2 is given approximately by \»=1+o0— 
M—As— Ma 1 +0—d\—a’o (1+). Starting from this 
value and using Newton’s method two or three times 
repeatedly, we can reach sufficiently accurate )» 
(having significant numbers of ten). It is unnecessary 
to calculate A3 and dy since together they practically 
do not enter into our problem as will presently be seen. 
Let us estimate numerically the contribution of each 
eigenvalue to the partition function, i.e., ¢(A)X” in 
the case of a=2!X10~. As o increases from 0 to ©, 
(Ai) decreases from 1 to 0, keeping the relation 
€(A1) +6 (Ao) 1.001, and ¢(A3) and ¢(Ay) are always 
approx. 3. 


solved as 


Since \3 and )4 are of orders of a and —a, 
respectively, [(As)As” and ¢(A4)A¢" are negligible for NV 
larger than 4, i.e., practically for all V. As o goes from 
zero to ©, d2/A; increases from zero, passes through a 
maximum (0.972 at approx. c=1), and then decreases 
monotonously. Therefore, when N is small (e.g., <30) 
the leading term in Zy is ¢(A,)AY for small o and 
€(A2) AX” for large o. For o near 1, relative weights of 
both terms are given approximately by A," and )2Q”. 
Onthe other hand for large N >100), the 
leading term is always ¢(A,)AvY, the maximum con- 
tribution of ¢(A2)A2” occurring at o=1. For very large 
V (>0600), the contribution of the latter becomes 
always negligible. The contributions of A» to the 
helical content, the mean-square end-to-end distance, 
etc., are found to be somewhat more sensitive, details 
varying from case to case. The relative weight of ¢(A;) 
in €(A1)Av” is found not to be negligible for all cases 
examined. For example, the difference [seen in Fig. 
5(c) ] between the helical contents for two specimens 
of N=1500 and is arising not from the contribution 
of Ae but from that of ¢(A;). 

Now we are in a good position to examine the degree 
of approximation of the present statistical mechanica] 
model. One way for this is to estimate errors in \, and 
Ae, accompanying the simplification described by 
Eq. (20). If aazyr7y2 is replaced by a’, Eq. (6) becomes 


(e.g., 


M(A—o) (A—1) —oa?{ 1+ (y3/y172) (A—1) }=0. (105) 


This equation reduces to Eq. (21) only when ¥3/yry2= 1. 
Owing to steric hindrances y; and y2 seem to be some- 
what smaller than unity. Furthermore 3 seems ta be 
smaller than yry2 due to the interaction between two 
neighboring helical sections, perhaps 0<73/y1ye<1. 
An error which might arise from this circumstance was 
already pointed out by Zimm and Bragg‘ but an 
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estimate of it has remained unexamined. The maximum 
error occurs at the extreme case, ¥3/71y2=0. In this 
case Eq. (105) reduces to 


M(A—o) (A—1) —a’o =0. (106) 


Numerical computations show that the differences 
between the two largest eigenvalues \y’s of Eq. (21) 
and (106), and the two next largest »’s are of the 
order of ga’~2X10~* near o=1 and smaller than it 
elsewhere. For intermediate y3/yry2 this is found to be 
true. Numerical computations for several special cases 
show that the effect on the helical content is also 
negligible in the range of o in which we are interested. 
From these facts it follows that the degree of approxi- 
mation of this model is very satisfactory, provided that 
« is considered to contain not only the contribution 
from the decrease in freedom of two distorted residues 
but that from all unusual effects occurring at both 
ends of a helical section. The difficulty of determining a 
from purely theoretical consideration arises, in part 
here. 

At the early time when the helix-coil transition was 
first discovered it was not clear whether the transition 
proceeded in the all-or-none fashion or through the 
disruption of the a helix from some middle parts as well 
as both ends. Current theories**!° and experiments” 
have shown that the latter is the case. In this connec- 
tion it seems of interest to calculate the three proba- 
bilities that the chain is in the three forms, the first 
being the perfect random coil, the second being dis- 
rupted only from the ends, and the third being dis- 
rupted from some middle parts as well as the ends, 
respectively. Since the statistical weights of a perfect 
random coil and of all states equal 1 and Zy, respec- 
tively, the probability for the first form is given simply 
by 1/Zy. The statistical weight of the state where only 
the ith, (i+1)th, +--+ and jth residues are distorted is 
given by a’a*-*". The probability for the second form 
gq. therefore, is given by 


> agit 


2S5i<j-1SN-2 


= Zy—e?a (1-0) {0 3— (N—2)0+N—4}. 


ge= Zn 


(107) 
Now the probability for the third form becomes 


gi=1—g-—Zn. (108) 
In Fig. 1, g (solid curves) and gq; (broken) for a= 
2'x10-? and a few N’s are plotted against Inc. For 
N= 100, the first form is preponderant and in equi- 
librium mainly with the second when o<1, but the 
second becomes so and in equilibrium the third when 
o>1. When o™1, the three forms are mixed. On the 
contrary for V= 1000 the third is always preponderant 
in the calculated range of «. [Concerning the helical 


23 Unpublished works of Doty’s laboratory. 
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contents in this range of o, see Fig. 5(c). ] Furthermore 
the probability of finding the perfect a helix, i.e., 
Zn ‘oo is found to be small in the same range of ¢ 
for all N’s examined here. Consequently it is proved 
that the helix-coil transition experienced in polypeptides 
of moderate D.P. does not proceed in the all-or-none 
fashion but does proceed through the disruption of 
the a-helical structure from some middle parts as well as 
both ends. 

We proceed to calculate chain dimensions. Param- 
eters involved in model I can be determined as follows. 
The bond lengths and the supplements of bond angles 
of the skeleton of polypeptide molecules are chosen, 
following Corey and Pauling,” as 


bj =NC=1.32 A, bb=CC=1.53 A,. By 
w=r—- ZNCC= 66°, 


= CN=1.47 A, 
w=r— ZCCN=70°, 


w3=a— ZCNC=57°, (109) 
for both distorted and undistorted residues. Internal 
rotational angles of distorted residues are assumed to 
equal those of the a helix. Since the peptide linkage has 
been found not to be rotatable because of its partial 
double-bond character,” we assume @,;=0° for both 
distorted and undistorted residues. According to Pauling 
and Corey,” the a@ helix is produced by the rotation of 
100° per residue around the helical axis and the trans- 
lation of 1.5 A along the axis. It can be shown that, 


having assumed the above values for the bond lengths 
and the supplements of bond angles, internal rotational 
angles consistent with this requirement must be 


6, (around NC) =0°, 6.(CC) = 133°, 


6;(CN) = 122°, (110) 
provided that the sense of the @ helix of L-polypeptides 
is assumed to be right-handed, as has been supposed 
for a long time.” 

Little has been known of local configurations of 
polypeptide molecules being in the state referred to as 
randomly coiled. From rather hasty consideration one 
might suppose that it would be just such a state that 
each of the rotational angles around two rotatable 
bonds of a residue takes nearly equiprobably the six 


**R. B. Corey and L. Pauling, Rend. ist. lombardo Sci. P. I 
89, 10 (1955). 

2S. Mizushima, T. Simanouti, S. Nagakura, K. Kuratani, 
M. Tsuboi, H. Baba, and O. Fujioka, J. Am. Chem. Soc. 72, 3490 
(1950). 

%R. M. Badger and H. Rubalcava, Proc. Natl. Acad. Sci. 
U. S. 40, 12 (1954). 

27... Pauling, R. B. Corey, and H. R. Branson, Proc. Natl. 
Acad. Sci. U. S. 37, 205, 241 (1951). 

% From theoretical calculation of the rotatory dispersion of the 
a helix I. Tinoco, Jr. and R. W. Woody, [J. Chem. Phys. 32, 461 
(1960) ] have recently proposed an opposing opinion i.e., that 
the left-handed sense is preferable for poly-y-benzyl-1-glutamate 
and polypeptides with similar rotatory behaviors. The difference 
in the sense of the helix, however, would not influence our follow- 
ing result very significantly. 
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0.04 
In 6 
Fic. 1. The two probabilities of finding the @ helices disrupted 
from only both ends (q,, solid curves), and disrupted from some 
middle parts as well as both ends (q;, broken). Consequently 


1—g.-—gqi denotes the probability of finding the perfect random 
coil. N: D.P.; a=2'!X107. 


values proposed by Pauling and Corey,” or the three 
values proposed by Mizushima ef al.*° This, however, 
would hardly be the case as will be seen presently, for 
poly-y-benzyl-L-glutamate in dichloroacetic acid, and 
perhaps for all polypeptides being in the state referred 
to as randomly coiled. Under this circumstance it seems 
best to determine it from experimental data in such a 
manner that the calculated (Ro?) for the perfect ran- 
dom coil, i.e., Eq. (76), fits observed values. For hin- 
dered rotational potentials we shall adopt the following 
sinusoidal function® 

E(x) = 3 Exi {1—cos(0.—Orx) }, 


k=2, 3, (111) 


where Ex, is the maximum height of the potential 
barrier and 6, is the most probable value of @. Even 
if this very simple form is assumed, two parameters are 
still required in order to describe the state of rotation 
around one bond. However it is impossible to determine 
uniquely four parameters required in the present case 
only from one observed value of (R,?), and hence some 
of them must be chosen somewhat arbitrarily. Doty 
et al.** observed (R,o?)= (890)?A?=7.92X10 A? for a 
specimen of poly-y-benzyl-1-glutamate of N= 1500 in 
dichloroacetic acid at 25°C. We shall use this value. 
After several trials, Fo, = E34 = 8 kcal and 0o% = —O35 = 
20° are found to be appropriate, giving (Ro?)=7.51X 
10° A?. Our intention in having selected these values 
for 24 and 634 rather than 0% = 634 =0 is that by doing 
so, we might be capable of taking into account the 
asymmetric structure in L-polypeptides. Namely, a 
bulky side group would force the two skeletal bonds, 


% LL. Pauling and R. B. Corey, Proc. Natl. Acad. Sci. U. S. 37, 
729 (1951). 

% See work cited in footnote 33. 

31 P, Doty, J. H. Bradbury, and A. M. Holtzer, J. Am. Chem. 
Soc. 78, 947 (1956). 
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TaBLe I. Comparison of the two expressions, Eqs. (73) and 
(91), of ((R?)/(Ro))? for the infinitely long chain; a is chosen as 
a =2§x 10-2, 





Eq. (91) 
(model II 


Eq. (73) 


Ing ,é (model I) 


content, &(Ay 





0.07410 
0.04442 


0.0374 .9656 


.9834 


0845 .9393 .9650 


-0.02082 .8926 .9259 


.01263 .8742 .9073 


.00422 .8720 .8990 


00383 .9096 .9246 


01309 .0141 0134 


02330 


.1780 


03460 3769 


05530 9506 .7287 


£07505 9721 2.0360 


09367 .9822 3156 


which combine the a carbon atom bearing the side 
group to the rest of the chain, to rotate, on an average, 
to such a direction that the group becomes separate 
from the rest of the chain. Such an effect has been 
observed experimentally.® It is worthy to remark that 
the value of Fy selected is considerably larger than 
those observed in other simple substance,” i.e., rota- 
tions around the two bonds are by no means freely 
rotatable nor are those which are mentioned at the 
beginning of this paragraph. After all, the observed 
value of (Ro) is much larger than those which would 
be expected if the former were the case.** This extremely 
limited flexibility is perhaps not intrinsic property of 
polypeptide chains but due to various steric effects 
between skeletal atoms and/or solvent molecules 
adsorpted on NH and CO groups by hydrogen bonds. 
From the foregoing discussion it appears preferable 
to consider the local configuration of the randomly 
coiled chain as being rather similar, although of course 
not being as definite, as that of the 6 extended con- 
figuration, than those which one might be liable to 
suppose from the term “randomly coiled.” This sug- 
gestion is also supported by the experimental evi- 
dence*® that some polypeptides are obtainable in the 
8 form by, e.g., evaporation of solvents from solutions 


48M. Tsuboi, T. Shimanouchi, 
Chem. Soc. 81, 1406 (1959) 

83S. Mizushima, Structure of Molecules and Internal Rotation 

Academic Press, Inc., New York, 1954). 

*Note that (R,*)’s equal each other for two cases, one in 
which rotations around two bonds are free, and the other in 
which each of the rotational angles takes equiprobably some 
symmetrically distributed values, e.g., such as 0°, 120°, and — 120°. 

% See, for example, C. H. Bamford, A. Elliott, and W. E. 
Hanby, Synthetic Polypeptides (Academic Press, Inc., New 
York, 1956), Chap. X. 


and § 


Mizushima, J. Am 
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in which polypeptide chains are in the randomly coiled 
configuration. 

Parameters in model IL can be determined rather 
easily. Without any hesitation, ) is taken as 1.5 A, 
that is the helical pitch per residue. Here Jp is calculated 
by the relation ((Ro?)/N)!=(7.51X 105+ 1500)! A= 
22.4 A, where for (Ro?) we use the value calculated 
above rather than Doty ef al.’s experimental walue 
in order to compare the two configurational models. 
Now all parameters contained in the two models have 
been determined. 

On adopting a=2!X10~ and using Eqs. (73) and 
(91), expansion ratios of chain dimensions from the 
perfect random coil, ((R?)/(Ro?))! for N= are 
calculated and given in Table I, those in the third 
column corresponding to model I and those in the 
fourth to model II. Agreement between two corre- 
sponding ((R?)/(Ro?))"”s is considerably good and 
especially so for o>1, where essential dimensional 
change occurs. This seems due to the following cir- 
cumstance. In order that model IT is significant, mean 
numbers of residues involved in a helical and ran- 
domly coiled sections, i.e., (v1) and (vo) must be 
suitably large, or alternatively the mean frequency 
of alternations of helical and randomly coiled sections 
must be small. As can be seen from Fig. 2, where 
the mean number of helical sections per chain divided 
by N is plotted against Ino, this is the case for o™1, 
(v,) and (v) indeed being nearly equal to a@!=71 
in the present case. However as o becomes larger, 
(vy) becomes smaller until it reaches unity in the 
limit Although extremely small vo indeed 
makes it insignificant to replace a v-coiled section by 


of gx, 














ln o 


Fic. 2. N (D.P.) dependence of the mean number of helical 
sections per chain divided by N. a=2!X10~. 
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the corresponding random flight chain, but the agree- 
ment seen in Table I shows that the error accompany- 
ing this, nevertheless, is eventually negligible at least 
for the o examined, and justifies our following results 
and discussion, which will be derived by using model II. 
Furthermore it might be possible even to guess that 
(R*) in the transition region would not be affected very 
seriously by any specific form assumed for internal 
rotational potentials of undistorted residues in Model I, 
provided that it is so chosen as to give the same (R,”). 

In order to see the effect of a on chain dimension as 
clearly as possible, it appears convenient to compare 
(R*)’s at an equal helical content rather than at equal 
a. For a while we shall confine our discussion to the 
infinitely long chain. We can write ¢ as 


In¢= —AF/RT= —AH/RT+AS/R, (112) 


where AF, AH, and AS are free energy, enthalpy, and 
entropy changes, respectively, accompanying the for- 
mation of one intramolecular hydrogen bond. If we 
choose suitably AH and AS, for different a’s we can 
make the helical contents approximately equal at the 
same temperature. In Fig. 3(b), the helical content 
for the case of a=2!X10-*, AH=1 kcal, and AS= 
5.92 eu,® are plotted against temperature, 7°C. 
Curves for a=4X10~*, AH=2.83 kcal, and AS=7.92 
eu a=10-, AH=0.721 kcal, and AS=5.80 eu, and 
a=5 X10, AH=0.357 kcal, and AS=5.89 eu, are 
found to be, although being not rigorously equal, very 
close to that of a=2!X10-*. Corresponding curves for 
((R?)/(Ro*))* are calculated by Eq. (91) and plotted 
in Fig. 3(a), from which it can be seen that the smaller 
a becomes, the larger the chain dimension does at the 
same helical content. This is understandable for the 
following reason. 

Since, as we have seen, a? is the statistical weight 
associated with such an alternation as randomly coiled 
section—helical section—randomly coiled section on 
the chain, smaller @ has the effects of not only making 
the transition sharper but making the mean frequency 
of alternations fewer or making more the numbers of 
residues involved in a helical and randomly coiled 
sections. This is illustrated in Fig. 4(a), where 
y4L..()/N, i.e., the fraction of residues involved in 
v-helical sections, are plotted against » for different 
a’s but almost equal helical contents [rigorously, 
£(A1) =0.5086, 0.5097, and 0.5049 for a= 2! 10-2, 107, 
and 5X 10~*, respectively]. 

The contribution of a vp-coiled section and a »-helical 
section to (R?) are equal to volo? and v/,’, respectively. 
Therefore, total contributions of all randomly coiled 
sections are determined simply by total numbers of 
undistorted residues. On the contrary those of all helical 
sections depend on the helical sequence length distribu- 
tion; they become larger as (») does so even if the total 


% These values for AH and AS are chosen somewhat arbi- 
trarily. 
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Fic. 3. Effect of a on chain dimensions. (a) ((R?)/(R?))! of 
the infinitely long chain for various a’s [calculated from Eq 
(91) ] are plotted against temperature, °C. Equation (112) is 
assumed between Ino and temperature, °K; AH and AS ar 
chosen as: 


a AH (kcal) 
4x10 2.83 
2! 107? 1 

10-2 0.721 
510-3 0.357 


AS (eu) 

7.92 

5.92 

5.80 

5.89. 
(b) The helical content for a=2!x10-*. The curves of helical 
contents for other a’s are very close to it and are hence omitted 
here to avoid confusion. 


helical content remains unchanged. Thus we have been 
able to understand the effect of @ on (R?’). 

The effect of « on (R?) is also understandable in a 
similar way. It is of interest to note that the contribu- 
tion of a helical section containing less residues than a 
critical value, Jo?/1,?( = 222 in the present case) is smaller 
than that of a randomly coiled section containing the 
same number of residues. The decrease from unity in 
((R?)/(Ro?))* near ¢= 1, seen in Fig. 3(a) and Table I, 
is due to the fact that most of the helical sections 
appearing, contain less residues than this critical value. 
This means physically that by the appearance of a 
short helical section the residues involved in it gather 
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Fic. 4. (a) Effect of a on the helical sequence length distribu- 


tion in the infinitely long chain. A comparison is made at almost 
equal helical content, approx. 50%. (b) Effect of N (D.P.) and 
a. Curve I: Ino=0.0553, N= ~; II: Ino=0.0553, N=1500; III: 
In¢=0.0553, N= 1000; IV: Ine=0.0553, N=600; V: Ino=0.0131, 
V= 0; VI: Ino=0.0131, N=600. a=2!X 107 for all cases. 


together and hence the polymer chain shrinks. This fact 
is consistent with our understanding that while the 
a-helical configuration has been considered as the 
folded one, the randomly coiled configuration should 
preferably be considered as being similar to the 6 
extended one. Although the minimum in (R*) appears 
always when /)>l,, its degree becomes small as a 
decreases, becoming practically imperceptible for 
a=5X10~*, This is also understandable if we remember 
the clarified effect of a on the sequence length distribu- 
tion. As o increases, the number of residues involved 
in a helical section increase and further exceed the 
critical value; hence the polymer chain begins to 
expand. The effect of o on the helical sequence length 
distribution can be seen clearly by comparing the 
curves I (Ino=0.0560, N=) and IV (Inco=0.0560, 


N=600) with V_ (Ino=0.01311, N=) 
(Ino=0.01311, N=600) in Fig. 4(b). 

((R®)/(Ro®))* and ((S?)/(So?))# are calculated by 
using Model II for a=2'X10~ and various N’s, and 
shown in Figs. 5(a) and (b). For comparison the 
curves for the helical contents are also shown in Fig. 5 
(c).383 The small circles shown in the right-hand sides 
of Figs. 5(a) and (b) denote the corresponding values 
for the perfect @ helices, i.e., N44/lo and (N/2)*h/h, 
to which ((R?)/(Ro?))! and ((S*)/(So?))* tend, re- 
spectively, in the limit of o>. As is done in Fig. 
5(c), we may choose temperature as the abscissa 
instead of Inc. In this case AH=1.08 kcal and AS= 
6.06 eu have been chosen so as to fit the curve (V= 
1500) for the helical content with the experimental 
data of Doty and Yang.? General features of di- 
mensional changes accompanying the helix-coil transi- 
tion can be understood immediately from these figures 
and hence need no explanation here. However, it seems 
of considerable interest to remark the following point. 
As o increases, chain dimensions (and probably also 
configurations) of specimens of smaller V, approach 
more rapidly those of the a helices than do those of 
specimens of larger .V, in spite of less helical contents 
of the former specimens. For example, at Ino=0.14 
the helical content of the specimen of V = 1500 remains 
approx. 98%, which seems indistinguishable from 100% 
experimentally, but ((R®)/(Ro?))! becomes smaller 
than the corresponding value of the a helix by as much 
as 21%. On the contrary, the helical content of N= 100 
falls 86%, but ((R?)/ (Ro*))! exceeds the corresponding 
value by no more than 3%. This is due to the fact that 
dimensions of the a helices are much more affected by 
the disruption of the a-helical structure from some 
middle parts than by. that from both ends. This has 
been pointed out by Rice and Wada.’ As has already 
been seen, the distruption of specimens of smaller .V 
takes place mainly from both ends but that of larger V 
occurs from some middle parts as well as from both 
ends. (See Fig. 1.) 


and VI 


IV. SOME CONCLUDING REMARKS 


Whether the present theory is quantitative or not 
(i.e., merely illustrative) depends, in part, on whether 
a=2!X10- and =22.4 A*® used, are so or not. As 


7In the course of numerical computations of Eqs. (85), (89), 
97), (99), and (101), it has been found that contributions of 
terms containing \; and \y are negligible for almost all cases. 
Therefore, we are required to calculate only three kinds of terms, 


i.e., those with k=/=1, k=/=2, 
essentially different. 

38 We have assumed optical rotation to be in the linear relation 
with helical content rather than mean fraction of intact hydrogen 
bonds. Difference, however, is found to be small for such small 
a as a=2)X107. For example, (1) and C(A;) equal 0.5086 and 
0.4951 for a=2!X107 and Ino=0.0001, and 0.5844 and 0.5373 
for a=1/18 and Ino=0.0135, respectively. 

39 Curves of ((R?)/(Ro?))* and ((S?)/(S?)t can be converted 
comparatively easily to those for different /), but not so for 
different a. 


and k=1 and /=2, which are 
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has been described, Zimm and Bragg‘ chose the pre- 
ceding value of a from the experimental data of Doty 
et al.?*” on optical rotations of the two specimens, i.e., 
N=1500 and 26, of poly-y-benzyl-1-glutamate. The 
helical content of a specimen of small N such as 26, 
as is well known, is very sensitive to NV and hence is 
much affected by polydispersity. Errors which may 
arise from it can be excluded by careful fractionations. 
Even if this is done, there remains a question whether 
or not a linear interpolation of observed optical rota- 
tions between the two values corresponding to the per- 
fect a helix and the. perfect random coil gives correctly 
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Fic. 5. (a) ((R®)/(Re))§ and (b) ((S?)/(S))* for various 
N’s (D.P.). The small circles shown in the right-hand sides of 
the figures denote the corresponding values for the perfect a 
helices. The parameters in Eqs. (90) and (102) are chosen as 
a=24X10, 4=1.5 A, and 1)=22.4 A. (c) Helical contents. 
Equation (112) is assumed between Ino and temperature, °K. 
The temperature in the upper abscissa is graduated in °C (not in 
°K). AH =1.08 kcal and AS=6.06 eu are chosen so as to fit the 
curve of N=1500 with the experimental data of Doty and Yang? 
on optical rotations of poly-y-benzyl-1-glutamate in the solvent 
system ethylene dichloride-dichloroacetic acid (1:4). 


Q16 


the helical content for a specimen of such small J. 
Tinoco and Woody have warned of this point, although 
it has still remained unclarified how long a helical 
section contributes to the optical rotation by the 
essentially same amount as does the equal number of 
residues in the infinitely long @ helix. This point appears 
to need further investigation. 

In the present calculation we have neglected all 
long-range interactions between residues being distant 
by more than five residues along the chain. Of these the 
most important is the so-called excluded volume effect, 
with which we are always inevitably haunted when 
we wish to discuss chain dimension in solutions. Most 
of the solvent or solvent systems in which a poly- 
peptide chain is in the randomly coiled configuration 
or in which the transition occurs are good solvents 
for corresponding polypeptides. Therefore the chain 
appears to behave as non-Gaussian and hence the 
relation, (Ro?)=Ni?, which we have assumed for the 
perfect random coil, does not hold. Though current 


40 See work cited in footnote 28. 
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theories" of dilute polymer solutions teach us that the 


relation (Ro’?)=Na*(1+N%b), where a and 6 are 


quantities characteristic of polymer-solvent systems, 
is appropriate near Flory temperature, it is not clear 
whether or not this expression is still valid for such good 


solvent systems as those we are encountering now 
e.g., poly-y-benzyl-L-glutamate-dichloroacetic acid). 
Under this circumstance it seems best to replace the 
real chain by a hypothetical Gaussian chain with the 
same mean-square end-to-end distance, as we have 
done in the present theory. When /y is determined from 
experimental data in this way, it inevitably has some 
D.P. dependence, perhaps becoming larger as .V in- 
creases. From this respect it is preferable to use /’s 
determined experimentally for each N respectively, 
rather than a 4 determined from data on one specimen 
throughout (as we have done). The excluded volume 
effect in interrupted helices is much more complicated 
and even qualitative estimation is not possible at pre- 
sent. For these reasons it seems safe to consider the 
curves in Figs. 5(a) and (b) to be rather illustrative. 

In spite of the considerable importance of the present 
problem, there has not yet appeared in the literature 
any systematic experimental result capable of being 
compared with the theory quantitatively or even 
qualitatively. A critical test of the theory, therefore, 
must be postponed till it becomes available. Instead we 
wish to remark the following fragmental but interesting 
point. 

In order to clarify the question whether or not the 
transition occurs in the all-or-none fashion, Doty and 
his co-workers*:* carried through the transition a 
specimen of polypeptide, which has the same intrinsic 
viscosity in the perfect helical form and the perfect 
random coil form. If the all-or-none were the case, any 
change would not occur in intrinsic viscosity during the 
transition. Results showed that this was not the case 
(although what did happen had not been described). If, 
following this procedure, we carry through the transi- 
tion specimens which have the same (R?) or (.S?) in 

‘t See, for example, the recent review concerning this problem 
by W. H. Stockmayer, Makromol. Chem. 35, 54 (1960). 

* P. Doty, Revs. Modern Phys. 31, 107 (1959). 

‘8 Tt seems noteworthy that these values of N’s are comparable 
with about N =300, a specimen which has been found to have 


the same intrinsic viscosity in both forms. Here this value of V 
is read from Fig. 2 in footnote 31. 
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both forms (the specimens of V = 222 or 444,* respec- 
tively, in the present case) it is evident from Figs. 5(a) 
and (b) though curves for these V’s are not drawn, 
that these quantities pass through a shallow minimum 
near the middle point of the transition. 

We now give a brief discussion of other physical 
quantities which are expected to change sharply in the 
transition region. 

As is well known, the mean-square electric dipole 
moment (U*) is the same kind of physical quantity as 
(R?). The expression of this for model IL can be ob- 
tained merely by replacing /; and Jy by ju; and juo, re- 
spectively. Here, ju, and juo are electric moments of 
distorted and undistorted residues defined in the same 
way as /, and Jp. The curve of (U*), although not drawn 
because of lack of reliable values of ju; and juo, would 
probably show a behavior similar to (R?). 

General features, as seen for dimensional changes in 
Figs. 5(a) and (b), would also apply, at least qualita- 
tively, to frictional properties such as intrinsic vis- 
cosity and translational diffusion constant, since these 
quantities may be assumed to vary in parallel with 
(R*) and (S?). 

Though in the present theory only the changes in 
dimensions have been treated, those in shape are also of 
considerable interest, varying from nearly symmetric 
(spherical) to highly asymmetric (rodlike) shape. It 
will affect gradient dependence of intrinsic viscosity, 
streaming birefringence, etc. Yang has already ob- 
served a marked difference in the former quantities for 
both extreme forms. One of the measures for this 
asymmetry is the ratio of the component of the mean 
square radius of gyration parallel to the direction of 
both ends to that vertical to it. Unfortunately, this 
quantity cannot be obtained in functional form. We 
might select, instead, the quantity, ((R?)/(S*)—1), 
which varies from 0 to 1 as chain configurations do from 
the perfect random coil (Gaussian) to the perfect 
a helix (rodlike). 
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The earlier study [D. A. Flanders and H. Fricke, J. Chem. Phys. 28, 1126 (1958) ] of the kinetic proper- 
ties of a cylindrically symmetric one radical-one solute model was extended by taking account of the transient 
dilution of the solute which occurs during the reaction. The results of the computations are collected in a 
table from which, by interpolation /z the fraction of radicals recombining, can be obtained for any experi 
mentally important values of the four dimensionless parameters which define the problem. Under conditions 
of practical interest the effect of solute depletion on Ip is (a) appreciable only when the ratio of the rate 


constants of radical-solute and radical-radical reactions is above 0.1, and 


b) only slightly affected by the 


diffusion coefficient of the solute. The role played by solute depletion is elucidated by graphs representing 


the transient course of the reactions. 


HE. treatment of the one radical-one solute model, 

described in the first paper of this series,! was 
simplified by ignoring the transient dilution of the 
solute, which occurs owing to its reaction with the 
radical. In the second paper? this so-called “depletion 
effect” was taken into account in the spherically sym- 
metric version of the model. The object of the present 
work was to carry out a similar study of the cylin- 
drically symmetric model. The problem was accord- 
ingly studied by adding Eqs. (3b) and (4b) to the 
system of equations solved in I using «=1. The nota- 


tion is the same as used before, 


dC /at=D,0°C/dr?+(Dy/r)aC/ar—8Cn (3b) 


C=Co, t=0, r=(0—o, (4b) 

The computations were carried out as in II on the 
Argonne computer GEORGE, in terms of the earlier 
used parameters: E=Noa/2rD, B=b?8C)/4D, B/a, 
and D,/D. The values for Jp are believed accurate to 
the third significant figure. 

Calculations were made for five different values of 
E from 0.707 to 10.61. When the model is applied to 
water treated with charged material particles, the 
corresponding range of linear energy transfer (LET) 
values is approximately 2 to 30 ev/A [as calculated 
by using a=10~" molecules! cm*® sec™!, D=4.5X 1075 
cm? sec!, G(—H.O)=5.2].34 In particle tracks of 
LET below 2 ev/A, the spatial distribution of the 
radicals along the track is too far from being uniform 
to use the model. The values of E studied include 1.35 
and 2.58, for which computations were not made in I. 


* Based on work performed under the auspices of the U. S. 
Atomic Energy Commission. 

1D. A. Flanders and H. Fricke, J. 
(1958), hereafter referred to as I. 

2H. Fricke and D. L. Phillips, J. Chem. Phys. 32, 1183 (1960), 
hereafter referred to as IT. 

’G(—H,O) represents the number of water molecules initially 
decomposed per 100 ev of absorbed radiation energy. 

4H. Fricke, Ann. N. Y. Acad. Sci. 59, 567 (1955). 


Chem. Phys. 28, 1162 


Practical applications *~’ of the model have shown 
that the values of E used in I were spaced too far 
apart to allow data for intermediate values of E to be 
interpolated with sufficient accuracy. 

As expressed in Jp, which represents the fraction of 
recombining radicals, the depletion effect increases 
with increasing E and 6/a and with decreasing D,/D. 
No computations were made above 6/a=2, which is 
the largest value expected to be encountered experi- 
mentally.? The computations were limited, moreover, 
to values of D,/D below 0.4, the range of chief practical 
interest. 

The computed values of Jp are presented in Table I. 
From these data, by interpolation, sufficiently accurate 
values of Jp can be obtained for any given values of 
the parameters of experimental interest. In using the 
table, the following features should be noted. 

(1) The transient change in concentration of the 
solute becomes negligible when 8/a—0 or D,/D-~= ; 
Tp then depends only on E and B. This was the case 
calculated in I, but the calculation was repeated with 
greater accuracy and the values obtained are shown 
under B/a=0. 

(2) The radical-radical reaction is so fast that, under 
practical conditions, the amount of solute diffusing 
into the reaction zone from the environment is rela- 
tively small during the time of this reaction. That this 
is the situation can be shown by examining the transient 
stage of the reactions (compare with the following). 
Further evidence is obtained from the fact that, 
within the range of D,/D values studied, Jp is only 
slightly affected by the value of D,/D (Fig. 1). This 
slight effect of Di/D on Ip can be readily taken into ac- 
count by using the table, but for practical purposes 
one may use for Iz the values given for D,/D=0.2. 

5 C. B. Senvar and E. J. Hart, Proceedings of the Second United 
Nations International Conference on the Peaceful Uses of Atomic 
Energy (United Nations, New York, 1958), Vol. 29, p. 19. 

. N. Trumbore and E. J. Hart, J. Phys. Chem. 63, 867 


. Anderson and E. J. Hart, Radiation Research Society 
Meeting, San Francisco, May, 1960. 
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Fic. 1. Jp asa function of 8/a, for &£=10.61, B=1, and dif- 
ferent values of D,/D : 


(3) Since the relation of Jp to 8/a@ is nearly linear 
(Fig. 1), Zp for any desired 8/a can be interpolated 
with good accuracy from the data for Zp given in Table 
I. For the values of D,/D of practical interest, the de- 
pletion effect is negligible when 8/a<0.1; in this range 
one may use for Jp the values given for B/a=0. 

Plots useful for analyzing experimental data may be 
prepared from Table I. Figure 2 represents Zp as a 
function of B, for different values of EZ. Figure 3 repre- 
sents Ip as a function of F, for different values of B. 
In both cases data are shown for 8/a=2 and 0, D,/D= 
0.2. To facilitate the physical understanding of these 
plots, we include scales for LET (LET =2.7X E ev/A) 


and for pCy (pCo=0.56XB moles/liter, p=8/2a) 
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Fic. 2. Jp as a function of B, for different values of £, B/a=2 
and 0, D|/D=0.2. Also shown is the approximate scale of pCo 
values in moles/liter to be used when the model is applied to 
water (p=B/2a). 


which are computed for water. On examining Fig. 2, it 
will be seen that solute depletion affects the Jp—B 
curve in two ways: The curve becomes steeper over 
its central section and is shifted horizontally towards 
larger B’s. For E=10.61, B/a=2, Di/D=0.2, the shift 
at the center of the curve is approximately equivalent 
to a 40% decrease in the calculated value of 8. 
Figures 4 and 5(a)-(c) show for some typical cases, 
the transient drop in concentration of the solute in the 
reaction zone and its chronological relation to the 
radical-radical and radical-solute reactions. Time and 
length are given in seconds and centimeters, calculated 
for application of the model to water (D=4.5X10~° 


cm? sec"!, b5=18X 10-* cm).? 





ABLE I, Fraction of radicals recombining (Zp) for different values of parameters (L=1 
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Fic. 3.8/7 as a function of E, for different values of B, B/a=2 
and 0, D,/D=0.2. Also shown is the approximate scale of LET 
values infev/A to be used when the model is applied to water. 


For values of the parameters stated in the legend, 
Fig. 4 shows the spatial distribution of the solute at 
different times during the reaction. The inserted table 
records the fractions of radicals which have combined 
with each other [Jp(¢) ] and with the solute [Js(¢)] at 
these different times. Note the initial rapid reaction 
controlled drop in concentration of the solute and the 
subsequent slow diffusion controlled recovery to the 
initial condition. In the center of the reaction zone, the 
maximal drop in concentration of the solute is 85%, 
reached after 0.6X10~ sec, at which time the radical 
recombination reaction is within 10% of completion. 
After 10-* sec, both reactions are practically com- 
pleted, but the concentration of the solute in the 
center of the zone is only 46% of its original value. 

Figures 5(a)-(c) show as function of time (1) the 
relative concentration of solute at the axis of the 
cylinder [C(4)/Co], (2) the fraction of radicals which 
have recombined [J,(¢) ], and (3) the fraction of radi- 
cals which have combined with the solute [Js(¢) ]. 
Data are shown for three different values of the dif- 
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Fic. 4. Spatial distribution of solute at different times during 
the reaction, for E=4.96, B=0.1, B/a=2, D,/D=0.2. The solid 
lines represent the concentration of the solute during the initial 
period in which the concentration is decreasing; the dashed lines 
represent the concentration during the period of recovery. The 
scales of time (sec) and length (cm) are calculated for applica- 
tion of the model to water. The inserted table records the 
fractions of radicals which have recombined [/r(t)] and com 
bined with the solute [/s(¢) ] at the times stated. 
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Fic. 5. Time curves for (1) the relative concentration of 
solute at the axis of the cylinder [C(¢)/Co], (2) the fraction of 
radicals which recombined [Jpr(t)], and (3) the fraction of 
radicals which combined with the solute [/s5(¢) ]. The 7p(t) and 
I(t) curves are shown only for D,/D=0.2. The curves for the 
other values of D,/D practically coincide with these. (a) B= 
4.96, B/a=2; (b) E=4.96, B/a=1; (c) E=0.707, B/a=2; 
(a)-(c) B=0.1, D,/D=0.4, 0.2, and 0.02. The time scale (in 
seconds) is calculated for application of the model to water. 
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the solute. The Jp(t) and Is(é) 


curves are shown only for D,, D=0.2, since the curves 


fusion coefficient of 
for the two other values of D,/D are only slightly 
different from these. As pointed out previously, the 
reason the value of D,/D has such a small effect on Ip 
and J 


is that the diffusion of the solute is so slow that 
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the recombination reaction is largely completed before 
D,/D afiects the concentration of the solute to a marked 
degree. 
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Paramagnetic absorption has been observed in 
naphthalene in solid solution in a single crystal of durene when 
irradiated with light from an A-H6 mercury lamp. The fine 
structure of the spectrum at a frequency of ~22.7 10° cps may 
be described by the spin-Hamiltonian 


53C=|6 | H-g-S4 


resonance 


DS? 4 
with 
S=1, 


g = 2.0030-+0.0004 
D/ hi 
E/he==-0.0137+0.0002 cm= 


isotropic 


+0,.1003-+0,0006 cm 


at a different ~9.7 10° cps, and also 
measurements on perdeuteronaphthalene are described by essen- 


tially the same parameters. The fine structure data identify the 


Observations frequency, 


INTRODUCTION 


} T was suggested by Lewis, Lipkin, and Magel! and by 
Terenin® that the relatively long-lived phospho- 
rescence emission of complex organic molecules at low 
temperatures might come from a triplet-singlet transi- 
tion. The extensive investigations of Lewis and Kasha*4 
served to establish the fact that quite generally the 
upper state involved in the phosphorescence of organic 
molecules in rigid solvents is the lowest triplet state 
into which the 
higher singlet 
optic al 
rescent states.” 


falls after being optic ally 
There have 
these phospho- 


molecule 


excited to a state. been 


extensive investigations of 


ported by the U. S. Atomic Energy 
‘oundation Predoctoral Fellow, 1956-1959 
¢ Present addre Clarenden Laboratory, Parks Road, 
Oxford, England 
1G. N. Lewis, 
63, 3005 (1941 
2 A. Terenin, Acta Physicochim. U.R.S.S. 18, 210 (1943). 

G. N. Lewis and M. Kasha, J. Am. Chem. Soc. 66, 2100 
1944 . 
*G. N. Lewis and M. Kasha, J. Am. Chem 
5M. Kasha and S. P. McGlynt nn. Rev 
1956). 


D. Lipkin, and T.'T. Magel, J. Am. Chem. Soc. 


Soc. 67, 994 (1945 
Phys. Chem. 7, 403 


spectrum as arising from a triplet state and leave no doubt as to 
the triplet character of the phosphorescent state of naphthalene. 
The zero-field splitting of the triplet has its origin in the magnetic 
dipole-dipole interaction between the two unpaired electrons in 
the triplet state. These experimental results are in agreement 
with the theoretical estimates. Hyperfine structure has been 
observed and is interpretable on the basis of the anisotropic 
hyperfine interaction constants for a C-H fragment given by 
McConnell. The z-electron spin density on the a-carbons is 
found to be 0.209. The hyperfine structure results identify the 
spectrum as arising from naphthalene. In addition they show 
that the triplet state is *B2,* and that the naphthalene molecules 
are oriented in the crystals such that they are not only coplanar 
with the durene molecule which they replace but also have their 
long and short twofold axes in this plane parallel, respectively, to 
the long and short axes of durenes. 


Detailed investigations of the phosphorescence in 
the case of naphthalene have been made by McClure,** 
by Ferguson, Iredale and Taylor,’ and by Williams.” 

It was realized by Lewis** that the triplet-state 
mechanism for phosphorescence implied photomagnetic 
effects and that the demonstration of photomagnetism 
in phosphorescing systems would afford striking con- 
firmation of this interpretation. Exploratory experi- 
ments were performed by Lewis and Calvin" and a 
more thorough study was made by Lewis, Calvin, and 
Kasha” of the effect of illumination on the magnetic 
susceptibility of the system fluorescein-boric acid 
glass, confirming the existence of photomagnetism. 

Earlier photomagnetic experiments by Frohlich, 

6). S. McClure, J. Chem. Phys. 17, 905 (1949). 

7E. H. Gilmore, G. E. Gibson, and D. S. McClure, J. Chen 
Phys. 20, 829 (1952). 

8’ E. H. Gilmore, G. E. 
Phys. 23, 399 (1955). 

9 J. Ferguson, T. Iredale, and J. A. Taylor, J. Chem. Soc. 1954, 
3610. 

1 R. Williams, J. Chem. Phys. 30, 233 (1959). 

1G, N. Lewis and M. Calvin, J. Am. Chem. Soc. 67, 1232 
(1945). 

2G. H. Lewis, M. Calvin, and M. Kasha, J. Chem. Phys 
17, 804 (1949). 


Gibson, and D. S. McClure, J. Chem 
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Szalay, and Szér™ had revealed photomagnetic effects, 
and the magnetic dichroism observed by Yamamoto 
was in agreement with the photomagnetism studies. 
The experiments of Evans have given the most 
detailed results, and he has measured the decay times 
for the paramagnetism accompanying phosphorescence, 
finding them to be in agreement with the observed 
decay times for the phosphorescence emission. Kor- 
tum!* has also investigated the photomagnetism ac- 
companying phosphorescence. 

At about the same time that the triplet-state mecha- 
nism for phosphorescence was proposed by Lewis, 
paramagnetic resonance was first observed by Zavoi- 
sky.” Microwave paramagnetic resonance techniques 
appeared to be ideally suited to the investigation of 
the photomagnetic effects accompanying phospho- 
rescence. Efforts’ to observe paramagnetic resonance 
in the systems which had been used in the static field 
susceptibility experiments gave negative results. 

13 P, Frohlich, L. Szalay, and P. Szor, Acta Chem. Phys. Univ. 
Szeged (Hungary) 2, 96 (1948). 

4D. Yamamoto, J. Chem. Soc. Japan 72, 693, 782 (1951); 
Bull. Chem. Soc. Japan 24, 211, 214 (1951). 

4 TD. F. Evans, Nature 176, 777 (1955). 

16 G. Kortum, Angew. Chem. 70, 14 (1958). 

17 E, Zavoisky, J. Phys. U.S.S.R. 9, 211, 245, 447 (1945); 10, 
170, 197 (1946). 

18 See for example, J. A. Weil, “Search for the paramagnetic 


resonance absorption of an organic dye in its triplet state,” 
thesis, University of Chicago, 1955, p. 2. 
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It was first pointed out to us by Weissman” that the 
inability to observe resonance in these systems proba- 
bly had its origin in a splitting of the triplet state in 
zero magnetic field which would lead to a large aniso- 
tropy of the high field resonance. He suggested that 
inasmuch as the attempts to observe resonance were 
made on randomly oriented molecules the anisotropy 
broadening was responsible for the failure. 

Optical investigations had been made using oriented 
molecules, particularly by McClure.” *! It was believed 
that dilute solutions of oriented phosphorescent mole- 
cules in an optically nonabsorbing material were re- 
quired for the resonance experiments because of the 
self-quenching processes and other complications which 
might interfere in the case of pure crystalline sub- 
stances. McClure,” Sidman,” and others suggested 
various such systems to us, in particular, McClure’s”.” 
single-crystal solution of naphthalene in durene. We 
were finally encouraged to make such experiments by 
K. H. Hausser, who supplied us with naphthalene- 
durene crystals grown by H. C. Wolf. 

We express our appreciation for all the help and 
advice mentioned above which served to revive our 


19S. I. Weissman (private communication). 

2D. S. McClure, J. Chem. Phys. 22, 1668 (1954). 
1D. S. McClure, J. Chem. Phys. 24, 1 (1956). 
2D). S. McClure (private communication). 

3. J. W. Sidman (private communication). 
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interest in this problem after several years of dis- 
couraging results’ and which led to the experiments 
described in this paper. 

A preliminary account of these results has been 
given by Hutchison and Mangum.”4 


EXPERIMENTAL DETAILS 


The measurements have been made using microwave 
frequencies of ~9.7X10° cps (3 cm) and ~22.7X 10° 
cps (1 cm). Magnetic fields were determined from 
proton resonance frequencies. In some cases the proton 
resonance signal and the triplet-state signal were 
superposed on a dual beam scope and in others proton 
frequencies were measured at the fields for center of 
resonance as determined from recorder charts. Di- 
phenylpicryl hydrazyl was placed in the cavity at the 
position of the crystal being studied. The value of the 
magnitude | H | of the field strength measured in gauss 
was taken to be 

HI 


3.5658 X 107-7 XK (vmic/vpPP PH) K yp, 


4C. A. Hutchison, Jr., and B. W. Mangum, J. Chem. Phys. 29, 


952 (1958 
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Modulating Current Line 


Coupling Iris 


Fic. 2. Cavity used in 1-cm ex- 
periments. 


Field Modulation Coil 


i Brass Cavity-Sealing Cap 


—— Supernickel Window Support 


where Ymic=Microwave frequency, vp???4= proton 
resonance frequency with magnetic field adjusted to 
center of hydrazyl resonance, vp=proton resonance 
frequency with proton signal superposed on that part 
of resonance being investigated. 

Light for the irradiation of the crystals was supplied 
from an A-H6 high-pressure Hg arc. The sample was 
placed in a resonant cavity provided with a quartz 
window at the bottom. The two cavities used in these 
experiments are shown in Figs. 1 and 2. The 3-cm cavity 
was rectangular and operated in the TE-101 mode. 
The 1-cm cavity was cylindrical and operated in the 
TE-011 mode. The cavities were immersed in a quartz 
Dewar which contained liquid N2. The light entered at 
an unsilvered window on the Dewar and was reflected 
into the cavity as shown in Fig. 3. The microwave 
magnetic field Her in the 1-cm cavity was polarized 
perpendicular to the static magnetic field H for all 
angles of rotation of the cavity about its axis. In 
the 3-cm cavity the direction of the microwave field 
rotated with the cavity. The magnetic field H was 
modulated at a frequency of 1.25X10° cps using a 
loop inside the cavity in the 3-cm case and coils outside 
the cavity in the 1-cm case. 
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Fic. 3. Schematic diagram of apparatus. 


The crystals were mounted and oriented in the 
cavities so that when the cavities were rotated about 
their long axes these axes of rotation were normal to a 
principal magnetic plane of a durene molecule. The 
axis systems used for describing the durene and naph- 
thalene molecules are shown in Fig. 4. The durene 
crystal® is monoclinic with B=1.977 rad (113.3°) 
(angle between a and c¢ axes). There are two durene Vd 
molecules per unit cell as shown in Fig. 5. The angles 
which the x axis (long axis) of one durene molecule ‘fh 


makes with the a, b, ¢’-(c’ is perpendicular to the ad 


y y 
Fic. 4. Axis systems 
for naphthalene and 
lurene molecules _ s 
dure S. a 0 
ik ke— 


Z 1 Plane Of The Ring 

















ab plane 


% J. M. Robertson, Proc. Roy.’Soc. (London) A141, 594 (1933); 
A142, 659 (1933). 


Fic. 5. Arrangement of molecules in the durene structure. 
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resonance was observed vs rotation of H in xy plane of one type of durene molecule. 
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Fic. 9. Magnitude of H at which resonance was observed vs rotation of H in yz plane of one type of durene molecule. 


plane) axes of the crystal are, respectively, 0.857, 
0.723, and 1.475. The y axis (short axis) makes the 
angles 1.690, 1.592, and 0.120. The two molecules go 
into each other by a twofold screw rotation about the 
b axis. 

The crystal cleaves in the ab plane. Microscopic 
examination of surface striations served to identify the 
b axis. This identification was confirmed by J. Fisher 
by microscopic examination using polarized light and 
the optical and cleavage data of Groth®® (Groth’s 
information must be transformed to Robertson’s* 
axis choice). Crystals were mounted using Apiezon N 
grease with their cleavage surfaces flat against the 
ruled surfaces of the polystyrene wedges of the type 
shown in Fig. 6. They were mounted so that their } 
axes were parallel to the ruled lines. It will be seen 
that the angles of these wedges and of their rulings were 
such that when the wedges were mounted with their 
bases against the top of the cavity (3 cm), or on a post 
with their bases parallel to the top of the cavity (1 cm), 
the rotation of the cavity about an axis normal to H 
caused an effective motion of H in the xy, ys, or xs 
planes of one of the two types of durene molecules, 
depending on which wedge was used. Actually there 
was an ambiguity of an angle with respect to the 
alignment of the crystals against the rulings on the 
wedges. It was therefore necessary to do two resonance 
experiments with each new crystal examined. The 
resonance results served to show which alignment was 
the correct one. 

The crystals were grown by lowering a melt through 
a temperature gradient. To prepare the melt 2 mole % 
of naphthalene was added to durene, but the actual 


*°P. H. Groth, Chemische Krystallographie (W. 


Englemann, 
Leipzig, 1906). 


naphthalene concentrations in the crystals which were 
used in the resonance experiments are not known. 

The naphthalene used in the experiments was care- 
fully purified material given to us by M. Kasha and 
by H. S. Jarrett and G. Sloan. The durene was pur- 
chased from the Eastman Kodak Company and was 
vacuum sublimed before use. 


EXPERIMENTAL RESULTS 


In Figs. 7-9 are shown typical results for the mag- 
nitudes of field strength |H| at which resonance 
was observed for various angles of rotation of H in the 
principal magnetic planes of one type of durene mole- 
cule. On the vertical axis 1000 divisions on the dial 
is an angle of +/2. The assumption is made, and will be 
seen later to be verified, that the naphthalene mole- 
cules are oriented with their x, y, and z axes parallel, 
respectively, to the x, y, and s axes of the durene mole- 
cules (see Fig. 4). Therefore the vertical scale gives the 
angle through which H is rotated in a principal mag- 
netic plane of the naphthalene molecules. Inasmuch as 
the Hye was perpendicular to H the transitions for 
which AM=+1 (M is the strong field quantum 
number) were observed. Two absorptions were found 
for each type of naphthalene molecule because of the 
aforementioned zero field splitting of the triplet state. 
In general, then, four peaks are expected at arbitrary 
orientations, i.e., two peaks for each of the two cry- 
stallographically inequivalent naphthalene molecules. 
Stationary points of |H| vs angle of rotation are 
reached when H passes through the x, y, or 2 axes of 
naphthalene molecules. It should be noted from Fig. 5 
that the plane of one type of naphthalene will be nearly 
perpendicular to that of the other type but not exactly 
so. Also, the y axes of both types are nearly parallel. 
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Consequently, if H is moving in the xz plane of one 
type of naphthalene molecule, it is also moving nearly 
in the xz plane of the other, but the pattern is 7/2 out 
9f phase with respect to that of the first type. This 
behavior is very clearly shown in Fig. 8 where the two 
-peak patterns (one 2-peak pattern for each of the 
types of naphthalene molecule) are seen to be very 
closely the same but displaced from each other by 
m/2 in dial reading. The mounting wedges shown in 
Fig. 6 were constructed for only one of the two types of 
molecules, so the data from only one of the two 2-peak 
patterns were utilized. For a given 2-peak pattern the 
larger separation corresponds to H along the z axis and 
the smaller separation to H along the x axis. The 
molecule which gives the larger z-axis separation is 
the correctly oriented one. Similarly in Fig. 9 (for the 
ys plane) one recognizes the large s-axis separation as 
being the same as in Fig. 8 and the smallest separation 
as being therefore that corresponding to H along the y 
axis. One sees, as described previously, that when H is 
along the y axis of one molecule it is also simultaneously 
almost along the y axis of the other. The intermediate 
2-peak separation in this figure is, of course, almost 


) 
) 


the x-axis separation of the molecule for which the 
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wedge was not designed. When H moves in the yz 
plane of the first molecule it moves nearly in the xy 
plane of the other molecule. 

Fine structure measurements were made on nine 
crystals. A total of 19 measurements were made along 
principal axes at ~9.6 to ~9.9X 10° cps and 16 meas- 
urements at ~22.7X10° cps. All measurements were 
made at the boiling point of liquid No. 

When illumination ceased this resonance decayed, 
as will be described later. Resonance was unobservable 
in pure durene crystals under the same conditions. 

These fine structure data are described within the 
errors of the measurements by the spin-Hamiltonian 

KH= | 8|H-g-S+DS2+ E(S2—S,7), 
with S=1. 

The data are, of course, too numerous to publish 
here but they are available in tabulated form.” 

The parameters in the spin-Hamiltonian were deter 
mined from the experimental results obtained with H 
along the various principal axes and the detailed results 
are summarized in Table I. 

Here g,z was calculated from the relation 


Ziv— || J+- fe) /2 rt | 4) / 22x28. 10”. ( 4) /L8zzxk or ee 
hv — 4 (D+ E) /2}{ (D+ E) /2gee8Hao® +-[ (D+ E) /2¢ee8Hor*]} + 
B( Hy?+ Hox") 


where the subscripts 10 and OI refer to the two peaks observed for a given molecule and the superscript denotes 
the axis which was parallel to H and H is used for | H |. The values of the left-hand side of this equation are very 
insensitive to the values used for D, /, and g,, on the right. The values of Hutchison and Mangum” were used 
for D and F and a self-consistent value for g-, was easily found. Higher terms in the expansion have a negligible 
effect on the value found for grz. 
In a similar manner g,, was calculated from the relation 
2hv— 3 (D— E) /2]{L(D— E) /2gyBHw" J+ (D— E) /2gnB8Hor |} +++ 
B( Hy’ + Hox") 
and g.- from the relation 
Qhy “i [( 2¢.28H 1") +- ( hag 2 g2238H ox") }+- we 
B( Hy?+ Hor?) , 
The of D/he 
from the relation 


values labeled z axis were calculated The relations just given, and used in finding the 
parameters which describe the data, follow from the 
expressions given in the next section for the eigenvalues 
of the spin-Hamiltonian. 

The values given after the + signs in Table I were 
obtained by (i) calculating two values of | H | for the 
two resonances with H along a given axis from the 
parameters of Table I for that direction and frequency ; 
(ii) averaging the deviations of the measured | H 
from the calculated |H|; (iii) multiplying these 


2 | ; 
H i ! — ; : fesse 
2¢.-8H 9? 2¢..8Hor? 
using the Hutchison and Mangum” value for / and the 
previously calculated g.,. Values of D and EF labeled 


‘, y axes were calculated from the relation 
D—3 E= gz28 (H07— Hor" i ve 

27 For supplementary material, order Document 6573 from ADI 
\uxiliary Publications Project, Photoduplication Service, Li- 
brary of Congress, Washington 25, D. C. A copy may be secured 
by citing the Document number and by remitting $6.25 for photo- 
prints, or $2.50 for 35-mm microfilm. Advance payment isrequired. 
eobie Per . ‘ Make checks or money orders payable to: Chief, Photoduplica 
similar relation along the y axis. tion Service, Library of Conaress, 


. D+E D+E 
1(D+E) /2 - ren 
7 2222BH z 22r28Hoy . 


and a 
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System Krequency, cps 


Light naphthalene, CioHs, in 


(0)* 
light durene, (CH3)«CsH2 


2.0044 


~9.7X 10° +0.0018 


(3) 
2.0030 


~22.7X 10° +0 .0004 


Perdeutero naphthalene, CioDs 
in perdeutero durene, (CD;)«CeDe 
~22.7X 10° 


( 2 \a 
2.0030 
+0 .0004 


iber of experimental measurements is giver 


average deviations by dg/0|H|, (dD/hc)/d\H |, or 
(0E/hce)/d | H| to get the + values given in the table. 

These parameters give a good fit not only along the 
principal axes but in the other directions also. This is 
illustrated in Fig. 10. In this figure the open circles are 
experimental points (the same points as plotted in 
Fig. 9) and the filled circles are calculated from the 
appropriate values of the parameters in Table I. In 
this figure 1000 dial divisions correspond to an angle 
of r/2. The experimental points were obtained in two 
separate experiments, one in which the points in 
the vicinity of the y axis were obtained and another in 
which the points in the vicinity of the z axis were 
obtained. The crystal was remounted between these 
two experiments (by visual alignment with respect to 
the cavity walls) and rotated with respect to the 
dial by a visually estimated angle of +/2 in order to 
obtain maximum field modulation in each case. The 
dial readings for the one experiment were shifted by 
1000 when the graph was plotted. The double solid 
circles at the point half-way between y and z represent 
the error introduced in assuming that the crystal was 
rotated with respect to the dial by exactly 7/2. 

It should be noted that these experiments do not 
give the signs of either D or E but do determine the 
fact that these two parameters have opposite signs. 

Hyperfine structure was investigated at ~22.7X 10° 
sec!, Proton resonance signals were superposed on 
triplet-state resonance signals using a dual-beam os- 
cilloscope. A typical signal with H parallel to the x 
axis is shown in Fig. 11 for light naphthalene in com- 
pletely deuterated durene. The 5-peak hyperfine pat- 
tern along the x axis had average widths between 
maximum and minimum slopes for each component 
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TaBbLe I. Parameters in the spin-Hamiltonian. 


D/he, cm E/he, cm 





6)" (7) 
2.0020 2.0029 
+0 .0026 +0.0017 


+0. 1008 
+0 .0007 
x, ¥ axis 


+0 .0138 
+0 .0002 
x, y axis 


+0.1005 
+0 .0003 

Z axis 

2 )a 
2.0030 
+0 .0012 


(3)® 
2.0029 
+0.0004 


+0.1003 
+0.0006 
x, y axes 


+0.0137 
+0.0002 
x, y axes 


+0.1003 
+0.0001 
2 axis 


4)" 
2.0031 
+0.0003 


+0.1012 
+0 .0003 
x, Y axes 


0.0134 
+0.0001 
x, y axes 


+0.1009 
+0 .0002 
z axis 


in parentheses in each case. 


equal to 3.6, 3.8, 3.8, 3.8, and 3.5 gauss and the average 
intervals between crossover points were 7.7, 7.5, 7.5, 
and 7.7 gauss for light naphthalene in light durene. 
The figures are the averages of from 30 to 40 measure- 
ments with an average deviation from the average 
equal to 0.3 gauss. For light naphthalene in completely 
deuterated durene the widths were 3.1, 3.9, 4.0, 3.9, 
and 3.1 gauss and the intervals were 7.5, 7.2, 7.2, and 
7.5 gauss on the basis of a single measurement. Only 
single peaks were observed with H parallel to the y or 
the z axes of the naphthalene molecules. The single peak 
along the y axis is Gaussian with a width of 9.2+0.6 
gauss between points of maximum slope in light durene. 
This was the average of 39 measurements and the 
average deviation from the average is given. The single 
peak with H along the z axis had a width of 13.0+0.6 
gauss between points of maximum slope in light durene. 
This was the average of 22 measurements and the 
average deviation from the average is given. A single 
measurement in perdeutero durene gave 13.1 gauss. 
The peak was somewhat non-Gaussian and showed 
some indication of structure when perdeutero durene 
was used. 


In the case of perdeutero naphthalene only a single 
peak was observed along each of the three axes. The 
widths between points of maximum slope along the 


x, y, and z axes were, respectively, 6.4, 4.7, and 5.9 
gauss on the basis of 1 or 2 measurements on each peak. 

Along the x-axis the spectrum of mono-a-deutero- 
naphthalene was a 4-line pattern with intensities in 
approximately the ratios 1:3:3:1 and of 1,4 -dideutero- 
naphthalene was a 3-line pattern with intensities in 
approximately the ratios 1:2:1. 

Lifetimes of the paramagnetic resonances were 
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measured by timing the decays of the oscilloscope sig- 
nal. The detection system was calibrated by measuring 
the decreases in oscilloscope signal resulting from 
decreases of the 1.25X10° cps field modulation ampli- 
tude by known amounts, the modulation amplitude 
being always relatively small compared with the width 
of the triplet-state signal. Some of these results have 
been reported by Hutchison and Mangum.” 


DISCUSSION OF RESULTS 


Fine Structure 


Inasmuch as the system which is being investigated 
consists of molecules held together by relatively weak 


H||c: Wi 
W,=0, 
Wr=D—g, | 6||H 


D+. | B| 


where tan 20,= E/g,.8 | H |; 


D+ 
H || x«: Wi= 
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W.=D-E, 


JR. 


| +E tané,, 


— FE tané., 


E 
+ Lee B | H | — 
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van der Waals forces we neglect all crystalline fields 
and consider only the perturbation of the triplet state 
by the magnetic field plus a molecular field with the 
symmetry of the free naphthalene molecule, namely 
orthorhombic. It has been shown by Stevens” that the 
most general expressions for the energies and states 
corresponding to the lifting of the degeneracy of a 
state with S=1 by a magnetic field and an electric 
field of orthorhombic symmetry are given by the 
eigenvalues and eigenstates of the spin-Hamiltonian 


H= | 8| H-g-S+DS2+ E(S2—-S,). 


The eigenvalues and eigenvectors of this Hamil 
tonian with H along the three principal axes are 


cos@, | 1)+sin@, | 1), 
10), 
sin, | 1)—cos0,'| 1), 


D-+-f 


- tand,, cos6, | 1)+sin@, | 1), 


|0), 


Wy=3(D+E) —g::| 8|H || +3(D+£)tané,, sind, | 1)—cosé, | 1), 


where tan20,= — (D+ E) /2g,.| 6 || H|; 
H || y: Wi=}(D—E)+ gy | B || 


W)=D+E, 


Wy=}(D—E)—gz,,| B||H| —3(D—E) tané,, 


where tan20,= (D— E) /2gy, | 8 || H |. 


“SUV 


Energy level diagrams with H along x, y, and z are 
shown in Fig. 12 with the 9.7X10° and 22.7X10° cps 
transitions indicated. It will be seen that at zero field 
the triplet is split into three levels. Two of these are 
separated by 2| £| and the mean of these two is 
separated from the third by | D|. These experiments 
do not give the signs of either D or E but they do show 
that the signs of these two parameters are opposite. 
In an axial or hexagonal field (benzene) the / term 
would be zero and the triplet would be split into a 
singlet and a doublet. In naphthalene the 
| D|/| E|, is 7.29. 

It will be seen that this zero-field splitting results 
in an anisotropy sufficient to obscure the observation 
of the AM=-+1 transitions in a system of randomly 
oriented molecules. 

It is also clear that the spectrum originates in a 
triplet state. The hyperfine structure to be discussed 
later unambiguously identifies the triplet 


8 C. A. Hutchison, Jr., and B. W. Mangum, J. Chem. Phys. 32, 
1261 (1960). 


ratio, 


state as 


H | +3(D—E) tan6,, 


cos6, | 1)+sind, | 
eae 
| 0), 


sind, | 1)—cos@, | 1), 





being a triplet state of the naphthalene molecule. It 
will also be seen that the principal axes of the naph- 
thalene molecule coincide with the principal axes of the 
durene molecule. The crystals were oriented with 
respect to the axes of the durene molecules, i.e., the 
orientations were based on their external morphology 
and the data of Robertson,” and the stationary points 
in the spectrum of naphthalene correspond within the 
errors of measurement to the principal axes of the 
durene molecules. It is of course not clear from these 
measurements that the x, y, and z axes of naphthalene 
are along the x, y, and z axes, respectively, of durene 
as labeled in Fig. 4. The hyperfine structure data to be 
discussed later do, however, show that this is the case. 

The observed zero-field splitting has its origin in the 
magnetic dipole-dipole interaction between the two + 
electrons of the triplet state which may be represented 
by 


H i;= (¢°6/r:) {S°S;—30(S;- 13) (Sj 15) /| 4; |? ]}. 


2K. W. H. Stevens, Prox 
(1952). 


Roy. Soc. (London) A214, 
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The zero-field splitting of the triplet thus arises from 
the same source as in the case of the ground triplet 
state of the O: molecule.” 

The very weak crystalline field of the durene mole- 
cules would be expected to give negligible perturbing 
effects relative to the effects internal to the naphthalene 
molecule. The spin-orbit coupling which is responsible 
in inorganic ions for splittings of the order observed 
here, i.e., 0.1 cm, clearly produces only a very small 
splitting in this case on the basis of (i) theoretical 
calculations*** of spin-orbit energies; (ii) experi- 
mental observations on lifetimes of triplet states; and 
(iii) the observed deviation of g from the free-electron 
value. The spin-orbit coupling perturbation mixes 
singlets and triplets and thus limits the lifetime in the 
triplet state. The long lifetimes which are observed are 
inconsistent with sufficient spin-orbit coupling to 
produce the measured zero-field splittings. On the 
other hand, the magnetic dipole-dipole interaction does 
not mix singlets and triplets and may be as large as 
observed without resulting in any inconsistency with 
respect to lifetimes. 

Calculations of the zero-field splittings of the triplet 
states of organic molecules have been made by Gouter- 


%M. Tinkham and M. W. P. Strandberg, Phys. Rev. 97, 937 
(1955). 

31D. S. McClure, J. Chem. Phys. 20, 682 (1952). 

8M. Mizushima and S. Koide, J. Chem. Phys. 20, 765 (1952). 

33H. F. Hameka and L. J. Oosterhoff, Mol. Phys. 1, 358 (1958). 

4D. P. Craig, J. M. Hollas, and G. W. King, J. Chem. Phys. 
29, 974 (1958). 
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10. Fit of spin-Hamiltonian to experimental data. 


man and Moffitt,® Gouterman,** Hameka,®” and 
Bersohn.** One might expect the problem of calcu- 
lating the dipole-dipole interaction between two 
electron spins distributed over 7-orbitals to be especially 
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Fic. 11. Hyperfine structure with H parallel to the x axis. 


% M. Gouterman and W. Moffitt, J. Chem. Phys. 30, 1107 
(1959). 

%M. Gouterman, J. Chem. Phys. 30, 1369 (1959). 

37H. F. Hameka, J. Chem. Phys. 31, 315 (1959). 

8 R. Bersohn (unpublished results). 
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difficult because of the dependence on the inverse cube 
of the distance coupled with the inability of approxi- 
mate molecular wave functions to deal with the 
problem of close approaches. However, because one is 
dealing with a triplet state the antisymmetric orbital 
factors of the simplest approximate functions result in a 
correlation of the electronic motions preventing their 
being in the same place at the same time; e.g., in the 
case of ethylene discussed by Moffitt and Gouterman®™ 
the orbital factor a(1)b(2)—a(2)b(1), where a, bare 2p 
orbitals on the two C atoms of course has this property. 
McConnell® has pointed out that quite generally the 
differences in energy corresponding to zero-field split- 
tings produced by magnetic dipole-dipole interaction 
do not involve terms arising from close approaches of 
the two spins. This is a result of an antisymmetry re- 
quirement on the space part of the exact triplet state 
wave function. Thus one can have considerable confi- 
dence in the results of the calculations based on ap- 
proximate molecular wave functions. 

It should also be remarked that within the w-electron 
approximation using only 2pm atomic orbitals it is not 
possible to place the two electrons on the same C atom 
at the same time without violating the Pauli principle. 


99H. McConnell, Proc. Natl. Acad. Sci. U. S. 45, 172 (1959). 
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Energy level diagrams for H along x, y and z axes. 


In the OQ, molecule*® this is of course not the case be- 
cause two orthogonal x orbitals are available on each 
atom and then, because of the inverse cube dependence 
of the magnetic dipole-dipole interaction on distance, 
the largest part of the zero field splitting arises from 
contributions when both electrons are on the same 
atom. 

Therefore, it is not purely a coincidence that the 
dipole-dipole energy of two electron spins at the 
C—C distance in naphthalene is quite close to the 
observed value of D, 0.1 cm7}. 

The calculations of Gouterman* give the values of D 
and £ in terms of the values of these parameters which 
were calculated by Gouterman and Moffitt® for ethyl- 
ene (D/hc=0.195 cm, E/hc=0.23 cm™ for ethylene) 
using Gaussian functions. Considering only the two 
highest filled orbitals, 4 and 5, and the two lowest 
unfilled orbitals, 5’ and 4’, he finds that a good fit 
of our D and E values in Table II (magnitudes and 
relative signs) is obtained only for the ZL, state,” 


La=sing(5, 5’) +cos¢(4, 4’) 


Gouterman* has found, using Hiickel orbitals, that for 


J. R. Platt, J. Chem. Phys. 17, 484 (1949). 
‘tM. Gouterman (private communication). 
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o=1.01 (58 D/hc=0.104 cm™ and E/hc=0.0136 
cm~! which is in very good agreement with our results. 
For the L, state, which is a mixture of configurations 
(4, 5’) and (5, 4’) no reasonable fit to our data is 
possible as is also the case for the B states which are the 
other two linear combinations of the four configurations 
already mentioned. The L, state is the one that had 
been assigned theoretically” and these magnetic reso- 
nance experiments afford in principle a method for 
determining the particular configuration mixing which 
obtains in this case. The best fit is given by the mixture 
La=0.85(5, 5’) +0.53(4, 4’). 
Pariser*® has calculated the wave functions for the 
excited states of naphthalene. He finds that a *Bp,7 
state is the lowest triplet state for naphthalene and 
that it is 2.16 ev above the ground state; the experi- 
mental value is 2.64 ev. For this state he finds the 
configuration mixture, 


0.92(5, 5’) +0.21(4, 4’) +0.27 (3, 3’) +0.03 


(4, 1’+1, 4’) +0.17(2, 2’) +0.09(1, 1’). 

There can be no doubt, in view of our experimental 
data, that (i) the observed paramagnetic resonance 
arises from a triplet state and that (ii) the source of 
the zero-field splitting is the magnetic dipole-dipole 
interaction between the two electrons of this triplet 


Pe | 


Hyperfine Structure 


Che isotropic component of the proton hyperfine 
interaction with the z-electron system of aromatic free 
radicals, observed in liquid solutions, is well under- 
stood due to the extensive investigations which have 
followed the original theoretical work of McConnell,* 
Bersohn,® Weissman, and Venkataraman and Fraen- 
kel. In such cases only the isotropic component is 
observed because of the tumbling of the molecules in 
the liquid. The isotropic interaction occurs because (i) 
the magnetization of the m-system of electrons pro- 
duces, through exchange 
netization of the 


interaction, a small mag- 
a-system; (ii) the o-system spin is 
paired with the H s electrons in the C—H bonds, thus 
imparting a negative magnetization to the H s elec- 
trons; and (iil) these s interact with the 
protons through the Fermi-Segre contact interaction. 
It has been shown by McConnell that to a good 


the isotropki hyperfine 


electrons 


approximation interaction 


between the w-system and a given ring proton may be 
expected to be proportional to the electron spin density 
on the carbon adjacent to that proton. The propor- 


N.S. Ham and K. Ruedenberg, J. Chem. Phys. 25, 13 
X. Pariser, J. Chem. Phys. 24, 250 (1956). 
. M. McConnell, J. Chem. Phys. 24, 764 
. Bersohn, J. Chem. Phys. 24, 1066 (1956). 
). I. Weissman, J. Chem. Phys. 25, 890 (1956 
7B. Venkataraman and G. K. Fraenkel, J. Chem. 
37 (1956 ; 
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tionality constant is found experimentally to be close 
to 22.5 gauss or 63X 10° cps. 

In the case of naphthalene in durene in which the 
paramagnetic aromatic molecules are oriented in a 
crystal, we have the opportunity of observing the 
anisotropic magnetic dipole-dipole interaction between 
the w-system and the protons which averages to zero in 
the case of the liquid solutions. The electron spin which 
is distributed over a z-orbital on a given C atom 
interacts mainly with the adjacent proton and this 
dipole-dipole interaction is of course strongly depend- 
ent on the direction of H with respect to the C—H 
bond and the axis of the z-orbital to the 
molecular plane). 


(normal 


This interaction is of course also approximately 
proportional to the spin density on the adjacent C atom. 
Therefore we may write 


dv=pnk, 


where ay is the hyperfine interaction, py is the spin 
density on the adjacent C atom normalized to 1 for the 
entire molecule, K = { A?a?+ B’6?+C*y7!}, a, B, y are 
the direction cosines of H with respect to (i) the 
C—H bond direction (A axis), (ii) the normal to the 
plane of the ring, (B axis), and (iii) a third axis (C 
axis) normal to both (i) and (ii), respectively. A, B, 
and C are the isotropic plus anisotropic hyperfine 
interactions per unit normalized spin density on the 
adjacent atom when H is parallel to the A 
axis, or C axis, respectively. 

In order to calculate the dipole-dipole contributions 
Ay, Ba, and Cy to the hyperfine splittings one must 
integrate the interaction, 


axis, B 


genB.Bv{L(s-T)/\ r |? J—3C (res) (r-D/| rij}, 
(where r is distance from the electron spin to the 
proton) over the z-orbital on the C atom, with H 
along the A axis, B axis, and C axis, respectively. 
McConnell and Strathdee*® have evaluated these 
magnetic dipole-dipole interactions, and find A,;=+30 
Mc, BuO Me, and C—30 Me. The well-known 
isotropic hyperfine interaction is —63 Me giving for 
the sum of these two interactions the values A—33 
Mc, B=—63 Mc, and C=—93 Mc. 

In the case of aromatic free radicals this anisotropic 
proton hyperfine interaction has been observed by 
McConnell et al.,°*® Ghosh and Whiffen! and by 
Miyagawa and Gordy.®? Experimental measurements® 
of the hyperfine interaction with the proton on the 


*‘H.M. McConnell and J. Strathdee, Mol. Phys. 2, 129 (1959). 

’ T, Cole, C. Heller, and H. M. McConnell, Proc. Natl. Acad. 
Sci. U. S. 45, 525 (1959). 

50H. M. McConnell, C. Heller, T. Cole, and R. W. Fessenden, 
J. Am. Chem. Soc. 82, 766 (1960). 

5D. K. Ghosh and D. H. Whiffen, Mol. Phys. 2, 285 (1959 

7. Miyagawa and W. Gordy, Bull. Am. Phys. Soc. Ser. IT, 
4, 260 (1959); J. Chem. Phys. 30, 1590 (1959). 





PARAMAGNETIC RESONANCE 
central C atom in CH (COOH): radical gave A = — 30.0 
Mc, B=—61.5 Mc, and C=—92.5 Mc, in excellent 
agreement with the calculated values. 

In considering the proton hyperfine interaction in the 
case of the naphthalene triplet state we will consider 
the molecule to be a collection of 8 C—H fragments, 
each with the anisotropic hyperfine interactions de- 
scribed. A simple Hiickel orbital for the configuration 
(5, 5’) would give a normalized spin density 0.18 on 
the a C’s, 0.07 on the 6 C’s, and 0.00 on the 9, 10 C’s. 
Pariser’s* wave function for the *Bs,* state of naph- 
thalene gives 0.168 on the a C’s, 0.074 on the 6 C’s 
and 0.015 on the 9, 10 C’s. 

It is clear that qualitatively a result such as is shown 
in Fig. 11 for H along the «x axis of the molecule is to be 
expected on the basis of the model which we have 
assumed. With this orientation H is along the C axis 
of the @ C’s which is the direction of largest proton 
hyperfine interaction, —93 Mc, per unit spin density 
on the adjacent C atom, and the adjacent C atom is 
the one with large spin density, 0.17, giving a splitting 
of 16 Mc. For the 8 C’s H is in a direction of much 
smaller splitting, 53 Mc per unit spin density and the 
spin density is lower by a factor 2.3, namely, 0.07 
leading to a splitting of 3.9 Mc. Hence the four equiva- 
lent a C’s produce a 5-line pattern with intensities in 
the ratio 1:4:6:4:1. Each of these components consists 
of 5 lines with a binomial distribution of intensities 
which arise from the 8 C’s and which are much more 
closely spaced and not resolved. The lack of resolution 
may perhaps be due to crystal imperfections. In the y 
direction a single line which is very accurately Gaussian 
is observed. In this direction the splitting is 30 Mc for 
the @ C’s and 81 Mc for the 8 C’s per unit spin density 
on the adjacent C’s. When the spin densities are taken 
into account the splittings become 5.0 and 6.0 Mc, 
respectively. All eight protons are therefore approxi- 
mately equivalent and this leads to a 9-line spectrum 
with a Gaussian envelope. The structure is not re- 
solved. The peak which was observed in the s direction 
is also qualitatively in agreement with expectation. Only 
the one interaction constant B is involved in this 
direction. 

Values of A, B, and C were calculated on the basis of 
the observed patterns and the spin density distribution 
given by Pariser’s*® wave function. Assuming the 
correctness of the model just proposed, which will later 
be seen to be justified, the peak observed along the y 
axis may be regarded to a first approximation as a 
superposition of nine absorptions; this leads to the 
conclusion that the individual peaks could not be 
narrower than 4.0 to 4.5 gauss with a spacing of ~2.9 
gauss, because the observed width is 9.2 gauss. (The 
word, width, will be used to denote the separation of 
the points of maximum and minimum slope. Nine 
superposed Gaussians with widths less than about 1.5 
times their spacing show structure whereas the ob- 
served peak is smooth. Nine superposed Gaussians 
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with this minimum width give a resultant with a 
width 3.2 times the spacing of the individual peaks.) 
It is therefore clear that most of the width of each of 
the five main peaks of the pattern which is observed 
along the x axis arises from this ~4.5-gauss width of 
the five individual components of which the five main 
peaks in turn are composed, and not from their spacing, 
which is given by 


(pg/2.80) {3 A?+13C7}3, 


If five Gaussians are superposed, the ratio of indi- 
visual width to spacing which best simulates the ob- 
served pattern is very close to 0.67. On defining the 
first crossover distance as the distance from the center 
of the pattern to that field right of center which is 
half-way between the first minimum and the second 
maximum in the derivative, such a superposition gives 
a first crossover distance 1.06 times the spacing of the 
five Gaussians. The observed average crossover interval 
is 7.35+0.15 gauss on the basis of the measurement in 
heavy durene and 7.6+0.3 from the measurement in 
light durene, and hence the observed pattern corre- 
sponds to a spacing of 6.9+0.2 gauss in the first case 
and 7.2+0.3 gauss in the second. This spacing is 
determined solely by the hyperfine constant C and the 
spin density, pa=0.168, and is given by (p2/2.80)¢ 
Thus | C | is found to be 115+3 Mc from the heavy 
durene data and 119-+5 Mc from the light durene data 
This result is very insensitive to the ratio of width to 
spacing which is assumed for five Gaussians whose 
superposition is observed. 

For the z-axis peak only the constant B is involved. 
Here we have one 5-peak superposition with spacing 
pa? /2.80= (0.168/2.80) B, each peak of which is a 
superposition of five peaks with spacing p3?/2.80 
(0.074/2.80) B. For p3%/2.80=2.00 gauss, pg?/2.80 
4.56 gauss. If each of the 25 peaks is 4.3 gauss wide, 
which is the minimum width as inferred from 
smoothness of the y-axis curve, then their superposi 
tion will give an absorption that is 12.8 gauss wide 
from maximum to minimum slope. The observed 
width is 13.0-++0.6 gauss. This fit is insensitive to the 
width that is assumed for the individual peaks. Thus 

B | is found to be 76-4 Mc. 

It will be seen that the value of 4 cannot be inferred 
with any reliability from either the measurements along 


the 


the y axis or the measurements along the x axis, because 
the constant C is also involved in each of these cases in 
a way that obscures the effect of the A constant. The 
results are quite consistent however with a value of -1 
in the vicinity of —30 Me. 

If we assume that the experimental values, B 
Me and C 


then infer that pa 


—61.5 
—92.5 Me obtain in our case also, we may 
0.209 from the x-axis data. It is not 
possible to get a quantitative idea of the value of pg 
from our results because the effects of p. are always 
involved and in fact dominate. It is to be noted that the 
value of pa is close to that observed by Carrington, 
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Dravnieks and Symons,** namely, 0.218, in the naph- 


halene negative ion. There is undoubtedly a negative 
spin density on the 9, 10 C’s which will need to be 
investigated by means of C® effects. The complete 
elucidation of the hyperfine structure effects must 
await further studies on substituted 


molec ules. 


isotopically 


The hyperfine structure data permit (i) the un- 
that it is the paramagnetic 
resonance spectrum of naphthalene which is being 


ambiguous conclusion 


observed in these experiments and not the spectrum of 
durene or some impurity. In addition, the observed 
hyperfine structure patterns show (ii) that the naph- 
thalene molecules durene structure sub- 
and z axes parallel, re- 
spectively, to the x, y, and z axes of durene molecules 
(see Fig. 4), and also (iii) that the triplet state which 
is being observed, which is presumably responsible 
for the phosphorescence, is the *B2,* state and not the 
B3,* state as suggested by Williams.” The fact that 
with H || « (x, of course, here denotes the axis of the 
durene since the crystals were oriented according to 
the durene structure) the hght naphthalene gave a 
5-line pattern is interpretable only on the basis of (1) 
a *Bo,* state with axes of naphthalene and durene 
respectively parallel or of (ii) a *B3,+ state (which 


gO into the 


stitutionally with their x, y, 


3 A. Carrington, F 
Soc. 1959, 947 


Dravnieks, and M. C. R. Symons, J. Chem 


JR., 


AND B. W. MANGUM 

would put larger spin densities on the 8 positions than 
on the @ positions) with a rotation of the naphthalene 
molecule by 2/2 about its z axis with respect to the 
durene molecule which it replaces and with which it 
is coplanar. (ii) is eliminated by the facts that the 
mono-a-deuteronaphthalene gave a 4-line pattern and 
the 1,4-dideuteronaphthalene gave a 3-line pattern. 


Other Investigations 


The paramagnetic resonance of randomly oriented 
molecules in their triplet states has been investigated 
by van der Waals and de Groot. They have in- 
vestigated the AM,=2 transition which is permitted 
by the dipole-dipole interaction and which is much 
less anisotropic than the AM,=1 transitions studied in 
our experiments. Their results for naphthalene are in 
essential agreement with ours. 
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New measurements of the vibrational constants of LiF and LiCl were stimulated by the hypothesis of 
Klemperer and Herschbach that disagreement between infrared and previous molecular beam values ot 
these constants could be explained by a variation in the efficiency of the molecular beam detector with 
vibrational state. The new molecular beam results rule out this hypothesis because of their agreement with 
infrared results. These new values are 930+19 cm™ for Li®F and 705+14 cm™ for Li®Cl*. The agreement 
of these values with the infrared results leads to the conclusion that the vibrational states of molecules in 
the molecular beam source have a Boltzmann distribution. The relative detector efficiency for the vibra- 
tional states v=0 and v=1 did not vary when the total efficiency was changed over a range from 0.2 of the 
maximum value to the maximum. The ratio of the vibrational constants of Li®F and Li’F was found to be 
1.06+0.01, in agreement with the value calculated from the ratio of the reduced masses. A rough measure 
ment of the vibrational decay constant between the v= 1 and v=0 states gave 65+40 sec™!. 


INTRODUCTION 


ALUES of the vibrational constant, w,, obtained 

by the molecular beam electric resonance method! ? 
and from infrared absorption measurements** for LiF 
and LiCl, disagree by amounts well beyond the stated 
limits of experimental error. To explain the disagree- 
ment in the case of LiCl, Klemperer and Herschbach® 
have suggested that in the molecular beam apparatus 
the hot wire detector, which makes use of the process 
of surface ionization, has an efficiency which depends 
on the vibrational state of the neutral molecules strik- 
ing it. We believed that their suggestion was interesting 
enough to warrant new measurements for both LiF and 
LiCl by the molecular beam method, which is indirect 
and subject, as will be seen in the following pages, to 
difficulties of a type not encountered in the direct 
method of inftared spectroscopy. 

At this point we give a detailed description of the 
molecular beam method in order that the reader may 
understand the general nature of our experiments as 
well as the details given in the following sections. 
Figure 1 shows a schematic diagram of the electric 
resonance apparatus.® A molecular beam of LiF or LiCl] 
emanates from a hot oven and passes through a cham- 
ber evacuated to a pressure of 2-3X10~7 mm of Hg. 
At the end of this chamber it strikes a hot, oxygenated 
W wire on whose surface Li ions are formed. These ions, 
after passage through a mass spectrometer, are de- 


* Supported in part by the Office of Naval Research. 

'R. Braunstein and J. W. Trischka, Phys. Rev. 98, 1092 
(1955). 

2—). T. F. Marple and J. W. Trischka, Phys. Rev. 103, 597 
(1956). 

3G. L. Vidale, J. Phys. Chem. 64, 314 (1960). 

4W. Klemperer, W. G. Norris, A. Biichler and A. G. Emstlie, 
J. Chem. Phys. 33, 1534 (1960). 

5 W. Klemperer and D. Herschbach, Proc. Natl. Acad. Sci. 
U. S. 43, 429 (1957). 

6 Figure 1 is the same as Fig. 1 in footnote 2, where some of 
the details of the apparatus are given. Other references describing 
the apparatus will also be found in footnote 2 


tected with a secondary emission multiplier.’ Following 
the multiplier is an amplifier and a pen recorder. 
Molecules, a few per thousand, in the lowest rota- 
tional states are sufficiently deflected by the inhomoge- 
neous electric fields, A and B, to follow a sigmoid path 
similar to that shown in Fig. 1. Most molecules, be- 
cause of their insignificant deflections by the A and B 
fields, are stopped by the knife edge in the B field. 
Transitions between rotational substates, (J, m,;)—> 
J, my’), take place in the C field, a homogeneous field 
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1. Schematic diagram of electric resonance apparatus. 
with a superposed radio-frequency field. Transition 
frequencies are determined by the quantum numbers 
of the molecular states, by the magnitude of the elec- 
tric field, and by the vibrationally averaged molecular 
constants uw and A, where u is the dipole moment and 
A the moment of inertia. The apparatus in the present 
experiment is so designed that when no transitions 
occur no molecules can reach the detector, but mole- 
cules in the (1, +1) state in the A field will reach the 
detector if they undergo a transition to the (1, 0) state 
in the C field. 


7D. T. F. Marple, Rev. Sci. Instr. 26, 1205 (1955). 
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The measurement of w, is made possible by the 
ability of the apparatus to make a spectral discrimina- 
tion between molecules in different vibrational states. 
Because » and A change with vibrational state, the 
spectral lines from molecules in these states occur at 
different frequencies. Ideally, the ratio of line intensi- 
ties for molecules in two adjacent vibrational states is 
given by® 
(1) 
where & is the Boltzmann constant and T is the ab- 
solute temperature of the molecules in the oven. 

We selected for study molecules in the two lowest ad- 
jacent vibrational states; i.e. those for which the vi- 
brational quantum numbers are v=0 and v=1. These 
are the most populated states and although higher 
states could be observed, the population of these higher 

‘s was too low to permit observations of useful 
accuracy. 

There are several reasons why, in practice, R may not 
be given by Eq. (1). To list and discuss these reasons it 
is convenient to consider the events occurring in four 
different places in the apparatus; viz., the oven, the 
region between the oven and the detector wire, the 
surface of the detector wire, and the region from the 
wire surface to the recorded data. 

Equation (1) rests on the assumption, never tested 
directly for molecular beam ovens, that the distribution 
of vibrational states for the molecules in the oven is a 
Boltzmann distribution. A correct measurement of w 
requires that the distribution of vibrational states in 
the beam be the same as it is in the oven. 

In the region between the oven and the detector wire 
two processes can bring about changes in the popula- 
tion of the beam molecules in the v 
First, 


0 and v=1 states. 


molecules in the excited, v=1, state undergo 


spontaneous radiative transitions to the v=0 state, 
with a resultant depletion of the excited state popula 
tion. Secondly, the different values of wu and A for 
molecules in the two vibrational states will result in 
different deflections for these molecules; 
different fractions passing by the knife-edge. 

Equation (1) will be incorrect if the ionization effi- 
ciency of the detector wire varies with vibrational 
state, as suggested by Klemperer and Herschbach.® 
The magnitude of this effect will, however, depend on 
the ionization efficiency. For example, if the ionization 
efficiency is, for all practical purposes, 100%, the vi- 
brational effect on ionization efficiency will not be 
important. We therefore, to 
assume that the vibrational effect will vary with the 
ionization efficiency and will be most noticeable for low 
efficiencies. 

It is important to the validity of Eq. (1) that the de- 
flection of the pen-recorder be proportional to the ion 
current leaving the surface of the"hot wire; hence, that 


hence, in 


believe it reasonable, 


‘ G. Herzberg, Spectra of Diatomic Molecules (D. Van Nostrand 
Company, Inc., Princeton, New Jersey, 1950), 2nd ed., p. 122 
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no nonlinear effects on the ion current exist in the ion 
acceleration process, in the mass spectrometer, in the 
secondary emission multiplier, in the amplifier, or in 
the pen recorder itself. Hereafter the symbol R will 
stand for the ratio of intensities of lines in different 
vibrational states as they appear on the pen recorder. 
A detailed analysis of the corrections to the measured 
quantity R will be given later. 

The results of four different experiments are pre- 
sented in this paper. In the first, measurements were 
made of R and the oven temperature for molecular 
beams of Li®F and Li®Cl*5, under the condition that 
the detector wire had its maximum obtainable ioniza- 
tion efficiency. With suitable corrections this experi- 
ment led to values of w,. In the second, we wished to 
determine the effect of the ionization efficiency on R, 
and therefore made measurements at a fixed oven tem 
perature when the detector wire was at its maximum 
efficiency and when at a much reduced efficiency. The 
third was prompted by the unexpected result of a 
previous molecular beam experiment in which it was 
found that the isotope shift in w,, as evidenced by 
w,(Li8F)/w,(Li7F), did not agree with the theoretical 
value predicted from the ratio of the reduced masses of 
these molecules. To check this earlier experiment we 
decided to measure R for Li®F and Li’F at a fixed oven 
temperature. The fourth experiment, to be described in 
detail later, was used to determine one of the correc- 
tions to R. However, from it we have been able to 
determine a rough value of the lifetime of the excited 
vibrational state, v=1, of LiF. 


APPARATUS AND TECHNIQUES 


A. The Oven; Temperature Measurements 


The oven was designed with particular attention paid 
to the need for an accurate knowledge of the beam tem- 
perature and the need to achieve, both in the oven and 
in the beam, a Boltzmann distribution of the vibra- 
tional states. The oven, with two separately heated 
chambers, was of the style developed by Ochs, Cote, 
and Kusch,’ but the slit arrangement on the front 
chamber was similar to that developed by Miller and 
Kusch," who found that very thin slits were necessary 
in order to achieve the velocity distribution theoreti- 
cally predicted for the beam coming from an ideal oven. 
We made no effort to see if slit thickness affected the 
distribution of vibrational states, but, following the 
practice of Miller and Kusch, used slit material 0.0025 
cm thick. The slit opening was 0.0075 cm wide by 0.8 
cm high. The slit material was held to the front cham- 
ber by Cu clamps 0.47 cm thick. The oven had steel 
and Ta slits, respectively, for the formation of beams of 
LiF and LiCl. Slits of either steel or Zr were rapidly 


*S. A, Ochs, Ri £, 
1953). 


al sas 


Coté, and P. Kusch, Phys. Rev. 21, 459 


Miller and P."Kusch, Phys. Rev. 99, 1314 (1955). 
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corroded by LiCl. Two different ovens were used, one 
of Ni, the other of K-monel. 

The value of a two-chamber oven came from two 
features: (1) the beam temperature was dependent only 
on the temperature of the front chamber and was there- 
fore independent of the beam intensity which was de- 
termined by the temperature of the rear chamber; (2) 
polymerization was reduced when the front chamber 
was at a higher temperature than the rear chamber. 

The second feature was of particular importance for 
LiCl beams because beam intensity was at a premium. 
When the front chamber was 75°C to 100°C hotter 
than the rear chamber, the LiC] line intensities in- 
creased by a factor of between 2 and 3 over their in- 
tensities when the two chambers were at the same 
temperature. This increase represented an actual im- 
provement in the ratio of signal to noise because no 
change in the background intensity of the beam oc- 
curred when the temperature of the front chamber 
increased. No improvement in the intensity of LiF 
lines resulted from an increase in the temperature dif- 
ferential between the two chambers. The above results 
are in general accord with beam polymerization data 
tabulated by Kusch and Hughes." 

The beam temperature was determined from tem- 
perature measurements made in two places in the front 
chamber of the oven. Chromel and alumel wires, 
peened, each in a different place, into the Cu clamps 
on the front of the oven, formed one thermocouple. 
The second thermocouple consisted of Chromel-Alumel 
wires peened together into a Cu plug, which, in turn, 
was clamped into a hole in the side of the front chamber. 

The reliability of the temperature measurements was 
assured in ways now to be described. First, the ac- 
curacy of the Chromel-Alumel thermocouples was con- 
firmed through simultaneous measurements made with 
a Pt-Pt and 10% Rh thermocouple. The agreement was 
within +2°C. Secondly, it was noted that the thermo- 
couples were altered by use. The temperature difference 
between them (the Cu plug always had the lower tem- 
perature) showed a steady increase, an increase which 
was evidently caused in part by poor thermal contacts 
because after several days they became noticeably loose. 
The larger changes in temperature difference were ac- 
companied by changes in the ratio R, in such a direc- 
tion as to indicate that after a time the beam tempera- 
ture was higher than the temperature of either thermo- 
couple. To assure the reliability of their readings the 
thermocouples were replaced after three or four days of 
operation. We did not accept any data for which the 
temperature difference was greater than 18°C (the dif- 
ference was never less than 5°C). We assigned to the 
beam a temperature, estimated to be accurate to +1%, 
equal to the average of the temperatures of the two 
thermocouples in the front chamber. 


1 P. Kusch and V. W. Hughes, “Atomic and Molecular Beam 
Spectroscopy,” Handbuch der Physik, S. Flugge, editor (Springer- 
Verlag, Berlin, Germany, 1959), Vol. 37-1 
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B. Ratio Measurements 


The detection and current measuring systems will be 
discussed first. The molecular beam detector was an 
oxygenated W wire, 0.012 cm in diameter, which had 
its maximum efficiency at 1220°K (wire temperatures 
were measured with an optical pyrometer). Measure- 
ments made by Trischka and Kurtz” show that, when 
such a wire is operated at its maximum efficiency, 
about 80% of the Li atoms in an incident neutral beam 
of LiCl! are converted into positive ions at the surface 
of the wire. The ionization efficiency of the wire was a 
function of its temperature. For example, a 75°C rise 
above the optimum temperature caused the efficiency 
to fall to about 50% of its maximum value, and the 
maximum efficiency was restored when the wire was 
returned to the lower temperature. However, the 
process could not be reversed when the temperature 
increase was greater than 75°C. Then the wire required 
a new oxygenation to restore it to maximum efficiency.” 

It has been mentioned earlier that for accurate 
measurements of the ratio R, the deflection of the pen 
recorder must be proportional to the ion current leaving 
the detector wire. Calibration of the amplifier-recorder 
system showed it to be linear to +0.2% of full scale 
deflection. The mass spectrometer-multiplier system 
was not calibrated, but was assumed to be linear be- 
cause of the small currents present, at most 10-" amp 
in the mass spectrometer and at most 10~* amp at the 
output of the secondary emission multiplier. 

The method for measuring R will now be described. 
First, with the oscillator frequency fixed, the maximum 
intensity of the selected v=1 line was measured after 
the line had been recorded by adjustment of the 
C-field voltage. By further adjustment of the C-field 
voltage the corresponding v=0 line was recorded and 
its maximum intensity measured. The v=1 line was 
then remeasured. This method enhanced the accuracy 
with which the »=1 line was measured (this line had 
about one-third the intensity of the »=0 line) and also 
provided a check on the constancy of apparatus condi- 
tions. The three operations described above will here- 
after be called a “measurement” and a series of 
“measurements,” on the average about ten in these 
experiments, will be called a “run.” 

Runs were made for Li®F, LiF, and Li®Cl**. The 
strong field spectrum of Li'F, consisting of two resolved 
lines, was observed at a field such that the 7=1 lines 


bf 


2 In unpublished work done in this laboratory J. Kurtz and 
J. W. Trischka studied the efficiency of ionization of LiCl on 
oxygenated tungsten wire by observing the intensity of neutral 
particles leaving the wire when they struck a second, hot, oxy- 
genated tungsten wire. 

13 The efficiency of the wire also decreased when its tempera- 
ture was lowered below 1220°K. However, this method was im- 
practical because the time required to take a reading increased 
from about 1/10 sec at 1220°K to about 10 sec at 1140°K. More- 
over, the efficiency at the lower temperature was a function of 
beam strength, being about 50% (relative to a wire at maximum 
efficiency) at a beam current of 10-® amp and 100% at a beam 
current of 10-? amp. 
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TABLE I. Uncorrected experimental values of the vibrational 
constants w, of LiF and Li®Cl*®. T is the oven temperature. R is 
the ratio of line intensities for molecules in the v= 1 and v=O states. 


Molecule T (°K) R 


@e(cm 


Lik 0.281 947 
0.288 944 
0.290 951 
0.292 951 
0.294 948 
0.303 951 


uncorrected @,=949- 
343 
348 
.330 
360 
350 
0.361 


inthe 


Sere reeere 
Wu w 


= GO 


uncorrected w,=736+11 








and the v=0 lines were clearly resolved.'* For Li’F 
individual lines were not resolved in the spectrum of a 
given vibrational state; however, the spectrum of the 
v=1 state was clearly separated from the spectrum of 
the v=0 state. The intensity for each vibrational state 
was taken to be the maximum value of the unresolved 
spectrum. The lack of resolution, in this case a result 
of inhomogeneities in the brass C field, resulted in a 
useful enhancement of spectral intensity. The lines 
used in the Li®Cl*> spectrum were the resolved lines in 
the strong-intermediate field spectrum designated by 
Marple and Trischka in Table III of their paper as 
35—0-1 and 35-1-1.? These two lines are corresponding 
lines for the »=0 and v=1 states and were chosen be- 
cause they are quite distinct from one another and 
from all other lines in the spectrum. 

Table I gives the results of a number of runs, ar- 
ranged in order of increasing temperature, for Li®F 
and Li®C}*5. These runs were made with the detector 
wire adjusted to give maximum efficiency. The values 
of w. were computed with the use of Eq. (1), and be 
cause, as mentioned in the Introduction, the measured 
R is not the same as the ideal R the values of w, in 
Table I are called “‘uncorrected.” Corrections will be 
discussed in the next section. The results of runs made 
with Li’F will be discussed later. 


CORRECTIONS 
lable II lists and gives the magnitudes of the three 
corrections which must be made to the values of «,, 
given in Table I. The first correction is a consequence 
of the fact that the v 


0 and v=1 lines were not ob- 


served at the same C-field voltage. The beam molecules, 
while moving into and out of the C field, pass through 
regions of spatially varying field where they may 
undergo nonadiabatic changes of state. The fraction of 
44 J.C. Swartz and J. W. Trischka, Phys. Rev. 88, 1085 (1952). 
® R. C. Luce and J. W. Trischka, J. Chem. Phys. 21, 105 


1953). 


AND J. W. 


TRISCHKA 


molecules which undergo such changes varies with the 
C-field voltage, becoming smaller as the voltage in- 
creases. Hence, the number of molecules available for 
radiofrequency induced transitions varies with the 
C-field voltage, and the same line observed at two 
different voltages will show an apparent change in in- 
tensity. The corrections given as item 1 of Table I 
were deduced from the experimentally determined 
variation in the number of nonadiabatic transitions 
with C-field voltage. 

The second correction shown in Table II is deter- 
mined by the velocity selecting properties of the knife- 
edge region of the apparatus. For an ideally thin beam 
the knife-edge position will determine the upper limit 
to the velocity of the molecules reaching the detector; 
whereas, the B-field electrode opposite the knife-edge 
will set the lower velocity limit. If these velocity limits 
are designated by wmin and max and the quantity 
y=u/a, where a is the most probable molecular velocity 
in the oven, then the observed line intensity for an 
ideally thin beam, will be'® 

Ymax 
T=2Io y’ exp(—y)? sin*(bl/ay)dy, (2) 
where Jo is the total intensity of the molecules, with 
velocities from u=0 to u= «, which are available for 
the particular transition under observation; } is pro- 
portional to the matrix element for the transition, and 
/ is the length of the transition region. 

The integral given by Eq. (2) will not be the same 
for the two vibrational states for the following reasons: 
(a) the difference in the molecular constants » and A 
for the two states leads to a difference in the forces on 
the molecules in the A and B fields and hence to a 
difference in the band of velocities selected at the 
knife-edge; (b) the quantity } is not the same for mole- 
cules in the two states because of the differences in u 
and A, and (c) because 6 depends on the C-field volt- 
age. The effects of the differences listed in (b) and (c) 
are negligible; i.e. £0.1%. 

The effect noted under (a) is important, but not 
rape II. Percentage Corrections to the values of @, given in 


TABLE I. 


Lisf (%) LifCl® (%) 


Kind of correction 


1. Changes in nonadiabatic 0.0 -0.7 


transitions 


2. Change in velocity bands +1.7 


3. Decay of »=1 state —3.6+1.8 


Net correction .9+1.8 


16 For a discussion of transition probabilities cf. N. F. Ramsey, 
Volecular Beams (Oxford University Press, New York, 1956), 
pp. 118 ff. The origin of Eq. (2) is easily seen from Ramsey’s 
Eq. (Vol. 19), p. 123. 
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easily calculated theoretically because the beam does 
not have a zero width, and its position in the fields is 
not accurately known. The correction for this effect 
was made by means of a simplified theory whose ade- 
quacy was attested to by a special series of experiments, 
now to be described. 

The effect on the beam molecules of differences in 
vibrational state is a change in force; but, a change in 
force can also be brought about through a change in 
the field strengths of the A and B fields. Hence, the 
effects of a change in the vibrational state can be com- 
pensated by a change in electric field strengths. Such a 
compensation can be made exactly (and hence, inde- 
pendently of beam width and position) at sufficiently 
weak fields in which the force is proportional to 
pw’AE?*, where E is the electric field intensity. In LiF 
the quantity u°A increases by 4% from the »=0 state 
to the v=1 state.’ The effect of this increase can, 
therefore, be compensated for by a decrease in E of 
2%. Table IIL shows the result of an experiment in 
which such a compensation was made. The field 
parameter Ag, characteristic of the B field and defined 
by A\=uk/(h?/2A), is given in column (1). (The A 
field is set to produce refocusing of the beam.) Column 
(2) shows the result of a measurement of R without 
any compensation; i.e. R was determined in the same 
way as were the values in Table I. On the other hand, 
column (3) shows the values of R determined with 
compensation made as described above. At \g=0.6 the 
fields were weak enough for complete compensation to 
be effective, and column (3) should have a value of R 
which is the same as the value obtained by making a 
correction to column (2) for the change in vibrational 
state. Such a correction was made theoretically under 
the simplifying assumptions that the beam was of 
negligible width and was accurately located in the ap- 
paratus at the position optically determined for it 
before the apparatus was set into operation. Column 
(4) shows this theoretically corrected value and column 
(5) shows the calculated velocities of molecules which 
succeeded in passing beyond the knife-edge region to 
the detector. 

Although columns (3) and (4) are in good agreement 
for \x=0.6, thereby confirming the usefulness of the 
theory, we believed it important to make a further test 
at stronger fields and picked Ag=1.4, the strongest 
field condition available. For this value of \g column 
(3) cannot show the result of a complete compensation 
for vibrational effects, however, it is still possible to 
make a theoretical calculation of column (3) based on 
the figure in column (2), with the result shown in 
column (4), for comparison with column (3). Since 
columns (3) and (4) agree for such widely different 
field conditions, we felt justified in using the simplified 
theory to make corrections to the values of w, in Table 
I. The small corrections in Table II, item 2, are con- 
sistent with the small differences at \g=1.4 between 
columns (2) and (3) in Table III, because nearly the 
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TABLE III. Measurements and calculations used to determine 
the effect on R of deflecting forces and small changes in deflecting 
forces. R is the ratio of measured line intensities from molecules 
in the v=1 and v=0 states. Li7F beam. 


(1) (2) (3) (4) 


R, R: R, 
Field voltage 
reduced by 2% 
forv=1 
molecules 


Calculated 
ideal velocity 


Ap At Ag Calculated band; v/a 





0.303+0.004 0.304+0.007 0.4 to 0.7 
0.315+0.003 0.310+0.003 0.8 to 1.6 


0.6 0.325+0.007 
1.4 0.31340.003 


same value of Ag, namely, Ag=1.33, was used for the 
measurements whose results are recorded in Table II. 

A note on the errors in Table III is necessary. The 
errors in the figures in columns (2) and (3) are the 
probable errors calculated from the standard devia- 
tions for runs containing ten measurements. Each 
number in column (3) is the result of a single run, 
whereas each number in column (2) is the average of 
two runs, one performed before the run represented by 
column (3) and the other performed afterward. The 
agreement of these “‘before” and “‘after” runs was used 
as a criterion of the constancy of conditions during the 
experiment. The errors listed in column (4) are the same 
as those in column (2) because the latter was used as a 
basis for determining the former. 

The third correction listed in Table II is required 
because of the spontaneous decay of molecules in the 
v=1 state during their flight through the apparatus. 
If f is the fraction of molecules which do not decay, then 


feet (3) 


where T is the lifetime, determined by the rate of spon- 
taneous emission for a radiative transition from the 
v=1 to the v=0 state, and ¢ is the effective transit time 
of the molecule; i.e., the time in which the molecule 
must decay in order not to be detected as in the »=1 
State. 

There are no experimental values for 7’, but Klemperer 
and Herschbach® have calculated a theoretical value 
for LiCl, finding T=3.6X10-* sec. Their method of 
calculation, applied to LiF, gives a theoretical value of 
T=1.6X10~ sec. There is no way of estimating the 
errors in these values, but it is fortunately possible to 
use some of the information in Table III to obtain a 
rough value of the lifetime of LiF and thereby check 
on the order-of-magnitude correctness of the theo- 
retical calculations. 

The ratios given in column (3) of Table III are in- 
tended to be values of R which require no correction 
for effects due to the differences between the molecular 
constants w and A for molecules in the v=1 and v=0 
states. The actual absence of need for such a correction 
is accurately true at A\g=0.6, and, though not so true 
for the stronger field represented by Az= 1.4, the small 
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ras_eE IV. Effect of detector wire ionization efficiency on ratio, 
R, of line intensities for molecules in v=1 and v=0 states. Three 
runs were made for each molecule. 


Lower efficiency 
fraction of maximut 
efficiency 


Ryi/ Ri. 


0.2t00.3 1.00+0.01 


1.00+0.01 


0.3to 0.5 


<0.5 0.99+0.01 


differences among the numbers in columns (2), (3), and 
(4) under these conditions show that the lack of com 
pensation is very probably less than the experimental 
error. Hence, within the stated experimental errors, 
the two numbers in column (3) should agree with one 
another unless there is a vibrational decay of molecules 
in flight, and their failure to agree is positive evidence 
of such a decay. 

The nonzero width of the beam and its somewhat 
undetermined position in the apparatus makes it 
difficult to estimate the accuracy of any calculation of 
the lifetime from the figures in Table III. To make 
such a calculation, which requires finding the average 
value of 1/v for the molecules in the detectable beam, 
we have assumed an ideally thin beam and have used 
the velocity limits given in column (5) of Table ITI. 
We believe that the error in this method is less than the 
rather large error in the difference between the two 
numbers in column (3). This difference is the principle 
experimental quantity entering into the calculation. 
The lifetime, so calculated, is best expressed by 

1/T=65+40 sec. 
Thus the probable range of 7 is from 1.0 10~ sec to 
4.010 which includes the theoretical value 
given above. The stated error comes from the errors 
in the numbers in column (3) of Table ITI. 

The corrections for decay of the excited vibrational 
state were calculated as follows: for Li®F the experi 
mental lifetime with the experimental limits of error 
was used; for Li®C]** the theoretical lifetime was used 
and the limits of error arbitrarily set at 50% to indi- 
cate an uncertainty similar to the uncertainty in the 
value used for LiF. The sizes of these corrections are 
shown in Table IT. 


sec, 


RESULTS AND DISCUSSION 

In Table IV are presented the results of experiments 
dealing with the effect on the ratio R of the ionization 
efficiency of the detector wire. In all cases R was the 
same when the wire was run at maximum efficiency 
and at the fraction of this efficiency shown in column 
(2). We believe these results provide strong evidence 
that the detector wire does not discriminate between 
vibrational states in the process of surface ionization, 
because it is unlikely that the nature of such discrim- 
ination would remain unchanged for a large change in 
the efficiency of ionization. This evidence is important 


J: W.. TRiISCREA 


TaBLeE V. Comparison of present results with those obtained from 
infrared spectra. 
@e(cm™) 


Molecule This paper Infrared 


9613-2 


LifF 930+19 


Li¥Cl* 705+14 685+3» 


4G. L. Vidale, J. Phys. Chem. 64, 314 (1960). 
b W. Klemperer, W. G. Norris, A. Bichler 
Phys. 33, 1534 (1960 


Emslie, J. Chem 


for the interpretation of the results of the measurement 
of the vibrational constants. 

Table V gives the corrected values of the vibrational 
constants w, and, for comparison, values determined 
from infrared absorption experiments. Although the 
present results and the infrared results disagree by 
amounts slightly outside the limits of experimental 
error, the disagreement is less than twice the probable 
error in the present experiments. There is apparently 
no systematic disagreement, because the present result 
is higher than the infrared result in one case and lower 
in the other. We believe, therefore, that the agreement 
is good enough to warrant the conclusion that the 
hypothesis of Klemperer and Herschbach has no 
validity for the present experiments. The conclusions 
drawn from Table IV are thus re-enforced. 

If the presence of the vibrational phenomenon hy- 
pothesized by Klemperer and Herschbach‘® is ruled out 
in the present experiment, then it is possible to conclude 
from the agreement between the present results and the 
infrared results that the distribution of vibrational 
states in the oven must be a Boltzmann distribution. 
This is the first time this distribution has been verified 
by such direct observations. 

The present molecular beam results for the vibra 
tional constants disagree markedly with the previous 
molecular beam measurements made by one of the 
authors (J]WT) and others. The previous results were 
w= 756+38 cm for LiF and w,=536+60 cm~ for 
Li®C}*>.!* We can give no certain explanation for this 
disagreement, but because of the thoroughness of the 
present investigation, we believe the new results should 
replace the old ones. We suspect that the low values of 
the old results are a consequence of inaccurate tem- 
perature measurements. 

There is one other molecular beam result which can- 
not be compared with either infrared measurements or 
with the present measurements; this is the vibrational 
constant of CsF." In the light of our present experience 
with these measurements we believe this value should 
be highly suspect and is very probably too low. 

The ratio of the vibrational constants for Li*F and 
Li’F was measured in four separate runs on four dif- 
ferent days and found to be 1.06+0.01, in agreement 
with the theoretical value expected on the basis of the 
difference in reduced masses of the two molecules. 


17 J. W. Trischka, Phys. Rev. 74, 718 (1948). 
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The statistical theory of mass spectra assumes that the excitation energy in a molecule-ion is essentially 
equipartitioned prior to unimolecular decomposition. Some of the consequences of this assumption have 
been deduced and the results have been used in interpreting the observed appearance potentials of secondary 
and tertiary ions of neopentane, n-butane, and J-butene. Although the results are not quantitative, it is 
evident that considerable vibrational energy is removed with the neutral fragment. The problem of the de- 
tailed interpretation of appearance potentials is complicated by the fluctuation of the vibrational energy 
distribution in the products of a decomposition from the most probable value, i.e., equipartition. Some 
general considerations with regard to determination of minimum-energy decomposition paths and the sig- 
nificance of this study in relation to the statistical theory of mass spectra are also presented. 


I. INTRODUCTION 


T is now generally accepted that most of the frag- 
ment ions in hydrocarbon and other large molecule 
mass spectra are formed by successive and competing 
decompositions of isolated, excited molecular ions. 
Rosenstock et al.' have developed a rate expression for 
such a system in which the excited molecular ions are 
represented as a collection of harmonic oscillators and 
internal rotors. Decomposition is assumed to occur 
from some stable electronic state which is energized, 
after a Franck-Condon transition to some higher state, 
by the transfer of part or all of the initial electronic 
excitation energy into vibrational energy through a 
large number of radiationless transitions. 

We must note here that there may be one or several 
terminal states from which decompositions may occur, 
each corresponding to a “band” of levels, wherein 
radiationless transitions are possible and within which 
the energy rapidly is transformed into vibrational 
energy of the “ground”’ state, or to a single electronic 
level. There is evidence that this situation is very 
prevalent; some important examples occur in the mass 
spectrum of benzene and ethyl alcohol with indications 
that the situation also occurs in the larger paraffins 
such as n-heptane and n-octane. This can be deduced 
from rate considerations governing metastable ion 
production, which is discussed more fully elsewhere.? 
The existence of such bands or single electronic levels 
will require marked modification of the assumptions of 
the statistical theory. For a single level, the problem 
reduces to the usual requirement of calculating the 
kinetics of unimolecular decomposition from a set of 
specified initial vibrational states. For the elucidation 
of the kinetics of decomposition from a band of levels, 
we are faced initially with the formidable task of deter- 
mining the energy distribution among levels of the 
band. In either case we must know the probabilities for 
finding an ion in any of the bands or single levels. 

There is some possibility of determining the initial 

1H. M. Rosenstock, M. B. Wallenstein, A. L. Wahrhaftig, and 


H. Eyring, Proc. Natl. Acad. Sci. U. S. 38, 667 (1952). 
2H. M. Rosenstock, and C. E. Melton (unpublished work). 


excitation at low energies for certain molecules as the 
resolution of the vibrational structure of acetaldehyde 
and propanol indicate.’ However, in more highly excited 
molecule-ions there is no knowledge of the initial distri- 
bution of excitation and, more important, little informa- 
tion on the detailed process of the relaxation of the 
energy. Because of this situation, it is necessary to make 
admittedly simplified assumptions, deduce the conse- 
quences thereof and compare these with experiment. 

The statistical theory of Rosenstock et al. requires 
the energy to be randomized in the vibrational degrees 
of freedom of the ground state of the ion. Friedman 
et al.,* Chupka,' and Steiner e¢ al.,° have discussed, at 
length, the consequences of the statistical theory with 
respect to primary dissociations of the parent ion. These 
authors have concluded that, near threshold, the theory 
is either not applicable or requires quantitative modifi- 
cation. 

Friedman ef al. have observed that a considerable 
amount of excess energy should be required in large 
molecules over the minimum required for dissociation 
in order to attain rates of dissociation fast enough to be 
observed in the mass spectrometer. This observation is 
taken to indicate a basic deficiency in the theory on the 
basis of the assumption that dissociation energies com- 
puted from appearance potentials are generally correct. 
We do not feel that this question has been completely 
resolved for there seem to be many instances where 
computed dissociation energies are incorrect. This 
problem will be pursued further in Sec. II. 

Chupka accepted the thesis that large amounts of 
excess energy are not found. He deduced, from a study 
of metastable ions, that only a fraction of the total 
number of oscillators seem to be’accessible to provide 
the activation energy for decomposition. He then found 
that, for primary decompositions, inclusion of the 

3H. Hurzeler, M. G. Inghram, and J. D. Morrison, J. Chem. 
Phys. 28, 76 (1958). 

4L. Friedman, F. A. Long, and M. Wolfsberg, J. Chem. Phys. 
27, 613 (1957). 

5 W. A. Chupka, J. Chem. Phys. 30, 191 (1959). 


6 B. Steiner, C. F. Giese, and M. G. Inghram, presented at 1960 
ASTM meeting. 
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thermal energy already present in the molecule coupled 
with the decreased number of oscillators could account 
for the apparent lack of excess energy which would 
otherwise be required to give suitably large rate con- 
stants. There is an additional uncertainty introduced, 
when using electron impact values for appearance 
potentials as usually measured, resulting from the elec- 
tron energy spread. This may obscure differences be- 
tween actual dissociation energies and those observed 
if the curvature in the probability curve is not properly 
considered. 

There are certain difficulties with Chupka’s analysis 
of photoionization metastable ions. The assumption of 
a reduced number of degrees of freedom does not predict 
the low maximum and wide half-width observed but 
the contrary. Chupka obtains agreement with experi- 
ment if the predicted shape is averaged over the thermal 
distribution. It is necessary at this point to examine in 
more detail the validity of Chupka’s analysis. 

The rate expression is derived by considering all the 
accessible states lying in a certain energy range. The 
expression [1—e/E) }*~' can be interpreted as the 
chance, in an equilibrium distribution, that more than 
€o of the total energy £ is in one particular degree of 
freedom. E is the total energy available to the group of 
interacting degrees of freedom and is not necessarily 
equal to the total energy of the molecule. Chupka 
requires that, during the relaxation of the excited 
molecule-ion, all the energy is funneled into a restricted 
number of oscillators since he does not change E when 
reducing the number of vibration degrees of freedom 
N by a factor of } or 3. It would seem that this is a too 
stringent requirement and that, in addition to any 
excess energy required to achieve a sufficient rate of 
dissociation, there must be energy ‘frozen’? in non- 
accessible modes.’ 

We must note that accessibility of a mode of vibration 
with respect to energy transfer and rapid randomization 
does not necessarily imply an active role in the dissoci- 
ation process. On the other hand, it is to be expected 
that those inaccessible modes are either removed in 
space or of such symmetry that their vibrations do not 
contribute to extension of any critical coordinate. The 
initial equilibrium distribution of thermal energy will, 
of course, be distorted during the relaxation and will 
contribute in an unknown way to the various groups of 
finally noninteracting modes. 

A similar situation to that described has been dis- 
cussed in great detail by Gill and Laidler® and Slater.® 
However, it should be noted that in Slater’s theory 
there is an equilibrium distribution which is maintained 
by collisions. In this theory they are not interested in 


7R. A. Marcus, J. Chem. Phys. 20, 359 (1952). 
8 E. K. Gill and K. J. Laidler, Proc. Roy. Soc. (London) A250, 
121 (1959) 
of (London) 
(19 


A246, 57 


( ° 
N. B. Slater, Phil. Trans. Roy. Soc. 
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the accessibility of energy interchange among groups of 
oscillators. 

In this paper we adopt the viewpoint of the statistical 
theory in a heuristic fashion with respect to the ener- 
getics of secondary ion formation. Although the diffi- 
culties in interpreting primary processes at threshold 
are not as yet solved, it is not necessary to have com- 
plete information on the primary process in order to 
begin an investigation into secondary and higher-order 
decompositions. Since the primary ions are formed at 
energies much above threshold in these processes, the 
statistical theory is assumed to be applicable to a 
higher approximation than seems to be the case at 
threshold. In particular, we shall assume that primary 
ions are formed such that the vibrational energy in the 
activated state is randomly distributed in a time short 
compared to the decomposition of the parent. As a 
result, the total energy available for the primary ion 
and the neutral fragment will be equilibrated between 
the ion and the neutral fragment and may be easily 
calculated. The consequences of these assumptions are 
examined in Secs. III and IV, where it is found that 
they are capable of providing a reasonable explanation 
for the magnitudes of the observed appearance poten- 
tials. It should be noted that several authors! have 
observed that excess energy is carried off by the neutral 
fragment and that the appearance potentials for second- 
ary ions may be high. However, in all cases this situation 
was not their prime consideration and little or no 
detailed discussion was given. 


II. HEATS OF FORMATION OF RADICALS AND IONS 


The assumption that mass spectra of polyatomic 
molecules result from the unimolecular decompositions 
of excited molecules and ions immediately makes it 
necessary to know the energetics of the possible decom- 
positions. The original hypothesis upon which the 
present statistical theory of mass spectra is founded is 
that the processes which lead to the formation of a 
given ion at threshold will be those which require the 
minimum amount of energy. Although there is some 
reason to doubt this hypothesis now, it is still the best 
starting point in view of the deficiency of experimental 
information. One assumes, therefore, that correlations, 
if they exist, between heats of reaction and apparent 
heats of activation derived from appearance potentials 
will appear when heats of reaction are calculated from 
heats of formation for the stable species. 

We have constructed a table of values which are 
derived solely from thermal or kinetic data and from 
directly measured ionization potentials. A complete 
discussion of the sources and probable errors for the 
values given in Table I will be published elsewhere. 


10S. Wexler, G. R. Anderson, and L. A. Singer, J. Chem. Phys. 
32, 417 (1960); H. M. Rosenstock, Ph.D. thesis, University of 
Utah; A. Kropf, E. M. Eyring, A. L. Wahrhaftig, and H. Eyring, 
J. Chem. Phys. 32, 149 (1960) ; and footnote 5. 
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Here it is sufficient to note that the heat of formation 
values shown are taken mainly from the compilations 
of Roberts and Skinner," Szwarc,”, and Cottrell," 
augmented where necessary and possible by approxi- 
mation methods used by Franklin.“ The free radical 
ionization potential data used are almost exclusively 
those determined by direct measurement by Lossing 
et al.'° The required ionization potentials of molecules 
were taken from the tabulation by Field and Franklin,"® 
while all relevant thermal data for molecular species 
have been taken from Rossini e¢ al.” 

In using the data of Table I to calculate heats of the 
reactions considered in the next section, one can be 
reasonably certain that the values found will be in error 
by no more than perhaps 1 to 5 kcal depending upon 
the specific case."* This assumes that Lossing’s values 
are very close to the adiabatic ionization potentials. In 
all of the reactions considered here, the reverse heats of 


TABLE [.* 


AH; (R) 


Molecule or radical 


AH; (R*) 


CH, $2.2 262.9 
225.1 


C2H;** 71.2 , 289.1 


CoH; 24.0 


n-C3H; La . 219. 
s-C3H7 S:6 32. 197.5 
CH2=CH 
CH=C 


CH, ‘ : 218. 
CH. : : 256.< 
n CyHy 8 . 213. 


s-CyHy Z 193.; 
i-C\Hy : 205. 
t CH» . 176 


® All values in kcal at 300°K. 

> Tonization potentials of these species have been measured by Lossing. 
There are no data for heats of formation of the ions or radicals except appear- 
ance potentials. The values given for AHs(R+-) have been corrected to approxi- 
mate thermal values by estimating and removing any reverse activation energies 
involved. 


J. S. Roberts and H. A. Skinner, Trans. Faraday Soc. 45, 
339 (1949). 

2M. Szwarc, Chem. Revs. 47, 75 (1950). 

8T. L. Cottrell, The Strengths of Chemical Bonds (Butter- 
worths Scientific Publications, Ltd., London, 1958), 2nd ed. 

4 J. L. Franklin, Ind. Eng. Chem. 41, 1070 (1949); J. Chem. 
Phys. 22, 1304 (1954). 

1 F, P. Lossing, Ann. N. Y. Acad. Sci. 67, 499 (1957); Mass 
Spectrometry (Institute of Petroleum, London, 1959). 

16 FH. Field and J. L. Franklin, Eleciron Impact Phenomena 
(Academic Press, Inc., New York, 1957). 

" F, D. Rossini, K. S. Pitzer, R. L. Arnett, R. M. Braun, and 
G. C. Pimentel, Selected Vlaues of Physical and Thermodynamic 
Properties of Hydrocarbons and Related Compounds (Carnegie 
Press, Carnegie Institute of Technology, Pittsburgh, Pennsyl- 
vania, 1953). 

18 For example, recent work by A. G. Harrison and F. P. 
Lossing [J. Am. Chem. Soc. 82, 519 (1960) ] agrees with the 
value for the A/7; of C:H3* to within 6 kcal. 
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Appearance 
potential* 
heat of 
reaction 


Thermal 
heat of 
Process reaction 
C.Het—-C.H;* +H 
C;3Hst->C;H7+ +H 
n-C,Hio* 


»s-CyHot +H 
n-C4Hio*—>n-C3H;*+-CH; 
n-C,Hio*—s-C3;H7++CH; 
n-CsHi2t—>n-C3H7*+CoHs 
n-CsH,2t—s-C3H7*+CoHs 
n-CyHiot >C2Hst+CoHs 
C;He*—>C;H;++H 
1-C\Hs*>C;Hs*+CHs 


® All values of appearance potentials used for these 
values”’ tabulated by Field and Franklin, footnote 15. 


alculations are the ‘‘best 


activation are relatively small for radical—radical-ion 
recombinations and are probably not large, ie., not 
more than about 10 kcal,’ for the molecule—radical-ion 
and radical—molecule-ion recombinations. Entropy 
factors are probably more significant in the latter cases 
in determining the decomposition rates. It may be 
noted that Taubert” has found reverse heats of activa- 
tion that fall in the vicinity of 10 kcal for processes of 
this kind. We shall find, in studying secondary and 
tertiary ions, that no serious error will be introduced by 
simply estimating the reverse heats of activation since 
they constitute only a small part of the total energy of 
activation for a series of consecutive unimolecular 
decompositions. 

An immediate consequence of using the thermal 
heats of formation of Table I to compute heats of reac- 
tion for process occurring in the mass spectrometer is 
the observation that, even for single bond breaks, 
differences in measured appearance potentials do not 
always yield thermal values for heats of formation of 
the fragment ions. In Table II a comparison is made 
between thermal and appearance potential values for 
a number of processes involving single bond breaks. 

The values calculated for loss of a hydrogen atom 
from ethyl, propyl, and #-butyl ions are all within the 
expected experimental errors in the data. The dissocia- 
tions of CyHyo+ and CsHis* to give the C3H;* ion are not 
easily understood. The differences are too large even if 
one assumes a rearrangement to form s-C3H; and are 
in the wrong direction for interpretation as a reverse 
activation energy. The heats of formation and ionization 
potentials of H, CH;, C.H; can be assumed correct to 


19 H. M. Rosenstock, Ph.D. thesis, University of Utah. 
20 A. R. Taubert, presented at ASTM meeting, Atlantic City, 
New Jersey, June, 1960. 
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4H = a* 
A(AP) = ? 


4H = 32.2 
4(AP) = 53.0 : 1 
ey | 3H. + CH, 


| SH = 46.1 
| 4 

} A(AP)=91.1 , ae 
= ——_——_» C,H, H, 


Itc. 1. Formation of C;H;* from neo-C;Hy. *Neither A// nor 
{ (neo-C;Hys is known. If the reasonable value of 15 kcal is 
assumed for A/H/ in this process, then the X values are all in quite 
1 agreement with A(AP)’s. 


good 
within 1 or 2 kcal. Less reliance may be placed on the 
C3H; and C,Hg heats of formation. Whatever the 
errors may be, comparison of the first eight entries in 
Table II shows that no choice of heats of formation for 
these ions and radicals can be made which will make all 
of these reactions consistent with the apparent dissocia- 
tion energies calculated from appearance potentials. 
It seems that, in these cases, one can only conclude 


that the methods used in measuring the appearance 


potentials do not yield energies that are simply inter 
pretable in terms of thermal values. 

In view of these results, it is apparent that a much 
closer inspection must be made of the way in which 
appearance potentials are measured and interpreted. 
It is equally clear that an unambiguous set of thermal 
and ionization data would provide a most desirable 
basis for determining the lower limits of expected 
appearance potentials. 


III. ENERGIES OF DISSOCIATION PROCESSES 


The minimum energies for the formation of C3Hst 
and C;H;* from neo-C;Hi, n-CysHio, and 1-CyHs are 
given in Figs. 1-3. These values include the estimated 
reverse heats of activation. Figures 4 and 5 present the 
same information for the formation of C:H;*+ and C:H;* 
from neo-C;Hy. and -C,Hio. Also shown in these figures 
are the differences between appearance potentials of 
the ions formed by successive decomposition. That the 
processes indicated by each of the decomposition 
sequences actually occur has been shown in each case 
by the existence of mestable ion peaks corresponding to 
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AH = 46.1 


| a(AP) = 63.4 + : : 
iAP) C,H, +H, using AH values for these two reactions. 
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each of the decompositions. As we shall show later, 
these sequences are not necessarily the only ones by 
which a given ion might be produced. If the differences 


in appearance potentials, A(AP), represent only 


thermal plus activation energies, and if they have been 


correctly assigned, they should at least be approxi- 
mately equal to the sums of the corresponding thermal 
plus activation energies already calculated. This is 
obviously not the case. Unless the processes to which 
the A(AP) values are attached have been completely 
misassigned, as seems unlikely in view of the metastable 
ion spectrum, we must account for some large excess 
energies. 

We have seen that at threshold, presumably, certain 
degrees of freedom are “frozen” or inactive and do not 
contribute to the dissociation energy. There is little 
evidence as to the amount of energy at threshold which 
remains in the frozen modes. However, when more 
energy is available, the probability of energy transfer 
increases. It is then more reasonable to assume that the 
energy is essentially randomly distributed among all 
degrees of freedom. We may still assume that for the 
primary break a restricted number of modes are active. 
This number may or may not equal the number of active 
modes at threshold. Lacking any specific information, 
we have assumed that the total excess energy both in 
the active and inactive modes, is equilibrated between 
the neutral and ionic fragments during the dissociation 
of the parent ion. 

However, as we will show in Sec. IV, equilibration 
does not mean a high occupancy of vibrational states 
corresponding to equipartition of the energy although 
equipartition is still the most probable distribution, 
For the purposes of the present section, we shall never- 
theless assume that the energy is equipartitioned 
between the vibrational degrees of freedom of the 
neutral and ionic species. We are required to make such 
a simplification since we are ignorant of the sensitivity 
of our mass spectrometers and of the over-all shapes of 
the probability curves for the formation of the ion. The 
corrections due to fluctuations about the most probable 
distribution at decomposition will be dealt with briefly 
in Sec. IV. In this section we shall find that the assump- 
tion of equipartition provides interesting correlations 
with experimental appearance potentials but is too 


Fic. 2. Formation of C3H3;* from 
n-CsHio. *This A(A P) value is probably 
incorrect. All X values were calculated 


2 





APPEARANCE 


4H = 34,4 
+  A(AP) = 45.7 ee: 

1-C ,H, ey CH. + CH, 
SH = 46,1 


A(AP) = 46.1. - 
ean C 


X= 95.9 
A(AP) = 91.8 





Fic. 3. Formation of C;H;* from 1-C,Hs°. 
crude to allow quantitative prediction of appearance 
potentials of secondary and tertiary ions. 

The examples in Figs. 1-5 were chosen because 
considerable confidence may be placed in the precision 
of the “conventional” appearance potentials for these 
molecules. We define a ‘conventional’ appearance 
potential as one obtained by any of the semiempirical 
or empirical techniques described by Field and Frank- 
lin,'® which do not consider any theory determining the 
rate of decomposition of the excited ions. We have 
computed the total energy X required for secondary ions 
from 


fi(X —a4) =e, (1) 


and for the tertiary ions 


fol fi(X —a) —e} =6. (2) 
In these equations f; and fy are the fraction of normal 
modes associated with the fragment ions in the primary 
and secondary dissociations. We have required that 
the excess energy in the primary (or secondary) ion 
finds its way exclusively into the “active”? modes for 
the secondary (or tertiary) dissociation to occur with 
no excess energy in the inactive modes. In order to 
compute f; it is necessary to assume either all modes 
are active or that the f;’s are not very different if fewer 
modes are active. 
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The energy changes associated with the relative 
translation of the neutral and ionic species and with 
their rotational energies have been ignored in the fore- 
going calculation. Two reasons dictate this simplifica- 
tion. In the first place the energies associated with these 
degree of freedom, except for translational energy 
caused by the reverse heat of activation, are small and, 
considering the gross approximations involved in our 
calculations, do not warrant detailed consideration. 
Secondly, the rate theory used here does not include 
conservation of linear and angular momentum in its 
formulation. 

.It is evident from Figs. 1-3 that the computed 
thermal activation energies are far smaller than the 
appearance potential differences and the computed X 
values. More encouraging, we do not find that the 
appearance potential differences are ever appreciably 
small than the X values and are, in fact, usually some- 
what larger. Such a conditions hould exist, of course, in 
order to allow for the additional excess energy required 
to obtain a rate of 10°-10° sec~ or larger if there are 
several competitive processes preceding this one. 

In Figs. 4 and 5 we present the results of similar 
considerations for the CsHs+ and C:H 3+ ions from 
neo-CsHy. and n-CyHyo. It should be noted that the 
process for the production of C;H;* that is indicated by 
metastable ions, i.e., through the C2.H;* ions, has Y’s 
much larger than the appearance potential differences. 
Therefore, we have investigated several other possi- 

bilities which give better agreement between the X’s 
and the appearance potential differences. We have 
included the direct production of C,:H3;*+ from the 
t-CyHg* in the neo-C;Hi2 scheme even though the 
competitive production of C3;Hs* from ¢-CyHgt would 
reduce the number of C:H;* ions formed to very 





AH* = 
a A(AP) = 


Fic. 4. Possible modes of formation 
of C.H3* from neo-pentane. *a is as- 
sumed to be 15 kcal. 





O+a* 
0 


af + 
neo-C,H)> SY t-C,H, 5 CH, 


| 
b. | 6H” = 2S 
| A(AP) = 69 





x 
A(AP) 











H,* + CH 
6 3 


AH* = 90.4 a # 
> CoH 


3 


X = 195.5 
A(AP) = 164.2 








a BS 


AH = 10,8 


er: 23 5 aut JH $e + CH, 


AH” = 83.5 


X = 103.0 
ee he 


AH” = 30.2 
__A{AP) = 30.0, 





C,H, +C 2Hs 


AH” = 73.0 
| A(AP) = 53.0 cH, +H 
a 


X= 17.6 | 
A(AP) =_ 83.0 | 





;. 5. Possible modes of formation of C.H;* from n-butane. 
negligible proportions. We must emphasize that the 
X’s offer only an approximate guide to the interpreta- 
tion of secondary appearance potentials. Consideration 
of fluctuations about equipartition and the over-all 
shape of the probability curves including competition 
is fundamental to an improved understanding. This 
will be discussed in the next section. 


IV. DETERMINATION OF MINIMUM ENERGY PATHS 


In discussing the decomposition patterns of neo- 
CsHy* ion, Lampe and Field! observed that the 
metastable ion at m*+=25.1 implies that C;,H;* is 
formed by the following reaction sequence: 


neo-( *5Hy27 >t-C4Hy* +CH; 
—C.H;*+C.H, 


—( ‘oH3t +Hbp. 
(3) 


They noted that the minimum heat of reaction is much 
less than the difference in appearance potentials and 
were perplexed that this sequence did not appear as the 
minimum energy process. In Fig. 4 we have indicated 
that there is an even lower energy process which Lampe 
and Field did not consider, namely 


—CH3*+C2He, (4) 


neo-¢ "sf 19" >t-C4Hot +( *H; 


which also meets the requirement that X¥<A(AP), 
whereas the sequence suggested by the metastable ions 
does not. We believe it important to emphasize that the 
metastable ions are not necessarily an unambiguous 
means of determining the minimum energy paths. In 
the cases where multiple terminal states do not occur, 
the metastable determines the lowest (or one of the 
lowest) energy paths from that particular parent. How- 
ever, as we observe in -C,Hyo no metastable for the 
production of C;H;+ from C;H;* is possible as the 
formation of C3Hs+ dominates the dissociation of 
C;H;*. In the case of the decomposition of neo-C;Hi2 
the production of C;H;* is certain to dominate the 
t-CsH,* breakdown for rates of the order of 10*-10® 


21 F, W. Lampe and F. H. Field, J 
1959). 
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sec! and so no metastable should be expected for the 
reaction to C,H3*. 

In both of these cases, however, the total excitation 
required for the production of the C.H;* ion is sub- 
stantially less than that for any other path leading to 
the same ion. The C,H;* ion will not appear at the 
minimum energy for this path because of the competing 
reaction leading to the formation of C3Hs+. In order 
for the C.H;+ ion formed in this way to become suffi- 
ciently abundant for it to be detectable, enough excess 
excitation energy must be supplied to the parent mole- 
cule to make the relative rates of CsH3+ and C3H;+ 
formation differ by no more than three orders of magni- 
tude or so, which does not seem likely. 

We have found for those reactions leading to the 
C3H,t and C3H;* ions that the X’s were a better check 
of the appearance potentials than the heats of reaction 
or activation. If we allow for the probability that even 
at threshold some excess energy will be required to 
achieve a sufficiently high decomposition rate, then X 
should always be less than the appearance potential 
difference. As can be seen by reference to Figs. 1-5, the 
X we have calculated for the processes shown do not 
always appear to fulfill this requirement. Therefore, 
while the orders of magnitude of the X’s and A(AP)’s 
are the same in most cases, the only clear-cut conclu- 
sion that can be.drawn at this point is that a consider- 
able excess energy over that required by the thermal 
dissociation values is included in the values of the 
appearance potentials and seems to be related to the 
randomization of vibrational energy at the time of 
decomposition. 

In view of the uncertainties introduced in the 
preceding discussions concerning the interpretation of 
secondary and tertiary ion appearance potentials, we 
have to examine more critically the details of the 
energetics of secondary and tertiary ion formation. All 
calculation of the X’s has been based on the assumption 
that excess energy is completely randomized in the 








Fic. 6. Probability of finding NQ quanta in the larger 
ment of a dissociation. 
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vibrational degrees of freedom of the dissociating ions, 
and that the most probable distribution of this excess 
at the time of decomposition is that corresponding to 
equipartition of the energy among the vibrational 
degrees of freedom. This last assumption implies the 
expectation of a sharpness of the energy distribution 
about the most probable equipartition value, which is 
not justified in systems having such a small number of 
degrees of freedom. To see this we can investigate the 
properties of a simplified harmonic oscillator molecule 
in which all of the oscillators are equivalent. We wish 
to calculate the number of ways in which » quanta (of 
size hv) of excess energy in the ion at the time of 
dissociation are distributed over the vibrational degrees 
of freedom of the two dissociating parts of the original 
ion. If s; and sz represent the numbers of vibrational 
degrees of freedom in the two parts, then the number of 
ways in which m and m2(m+-m.=n=E/hv) quanta can 
be distributed in these two groups of oscillators is, for 
a particular choice of m and m2: 


2 (m-+s1:—1)! (me+52—1)! 


Naine= 
7 ml(s—1)! — me!(se—1)! 


(3) 


If we assume complete freedom of interchange of 
quanta among the oscillators, then the probability of a 
particular value of m+-n2 appearing is just 


Pi Mit Bi Na 


Ni Ng 


where 


: (n+s—1)! 
Naywna= 
»D n'(s—1)! 


N+Nn2=N. (7) 


It can easily be shown that, subject to the condition 
m+n2=n, the most probable distribution is m/s;= 
N2/S_ corresponding to equipartition. Unfortunately, 
the distribution of P,,n, values is not at all sharply 
peaked around this most probable value. The probabil- 
ity, for example, in which m and deviate by as much 
as 50% from the most probable values is only slightly 
less than that of the most probable distribution. This 
situation is illustrated for a model system in Fig. 6. The 
implication of this result is that primary ions will be 
formed with a very broad distribution in energy. The 
appearance of secondary ions then will depend on the 
number of primary ions formed with a given energy 
times the rate of formation of secondary ions from 
primary ions having this excitation energy. 

The model curves shown here are calculated by the 
following scheme. A fourteen-atom parent ion is assumed 
to decompose into a nine-atom primary ion plus a 
five-atom neutral fragment. The kinetics employed are 
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described in the following set of equations: 
ky ka 


n\— Nz wns 


N= NM exp(—Ayt) 


cada kyt) cp ( hot) | 
h—h, exp 1 exp al) 4 


N2= No 


ky | 
N3= Ny, 1— xp (— kil) XP (— hel) | 
. | -¢ p To 


J 


ko—k 


E-« | | Ee! —«: 
k,=10! “| = 10 f - 
E E 


where ”;=number of ions at time ¢ and N=36 or 12 
and N’=21 or 7. In all cases ¢ has been taken to be 10-5 
sec. 

The result of this type of analysis is shown in Fig. 7. 
As can be seen in the figure, a very long low energy tail 
is to be expected for the appearance potential curves of 
secondary ions. If the number of degrees of freedom 
are reduced by a factor of 3, a considerable, though 
reduced, low energy tail is calculated for the secondary 
ions. The experimental curves do exhibit such beha- 
vior.“ There is also a corresponding high-energy tail 
on the respective primary ions which may be obscured 
by the effects of competition among the primaries. The 
experimentally measured appearance potentials will be 
determined largely by the sensitivity and noise level of 
the instrument. Thus no particular significance in 
terms of thermal activation energies (i.e., the activation 
energy that would presumably be obtained for a system 
in which the time for reaction approaches infinity) can 
be attached to secondary ion appearance potentials 
without detailed information as to the kinetics of the 
formation process. The agreement of the X’s with the 
differences in the appearance potentials is indicative of 
the inadequacy of conventional techniques for measur- 
ing appearance potentials and is due to the lack of 
detection of the extreme length of the tails on secondary 
ions measured on low sensitivity instruments. The 
larger the neutral fragment that is obtained in the 
primary process, the longer and flatter will be the tail 
for the secondary ion and the higher the apparent 
appearance potential that would be measured using 
conventional techniques. 


V. DISCUSSION 


We wish to emphasize two intimately connected con- 
siderations. The first is the lack of any real agreement 
between dissociation energies calculated from appear- 
ance potentials and those obtained thermally. There 
are as many differences as agreements. In the second 
place, the use of the appearance potentials of secondary 
and tertiary ions must be handled with great caution. 
We believe that all the values which have been ob- 

2A 


B. King and F. A. Long, J. Chem. Phys. 29, 374 (1958). 
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Fic. 7. Calculated 
down pattern of 
ions. (a) N_ oscillators in 
parent (primary ion); (b) 
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tained by treating ionization efficiency curves in a 
conventional manner must be reevaluated in the light 
of consequences of the statistical theory although much 
of the primary data may be satisfactory. Unfortunately, 
all the points that have been raised by Chupka and 
Friedman et al. have not been resolved. It is difficult to 
make quantitative predictions from the statistical 
theory due to the uncertainties which exist in certain 
of the important parameters. This is in addition to any 
more fundamental difficulties that arise when the energy 
is not equilibrated. 

Quantitative consideration of the energy excess for 
the secondary and tertiary ion appearance potentials 


founders in the difficulties discussed above. In this case 
the conventional treatments for handling the data are 
less adequate than for primary ions. We feel, therefore, 
that the mere fact of an energy excess does not warrant 
any conclusions as to the fact or degree of randomiza- 
tion. A careful study of the problem of the secondary 
ion appearance potentials will have to await at least 
the results of the investigations suggested by Friedman 
et al. and Chupka. The most that can be said is that the 
evidence does not rule out the assumption of energy 
randomization in the accessible degrees of freedom or 
the assumption that the accessible modes subsume all 
the internal modes of the molecule. 
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The effect of pressure to 150 kbars has been measured on the absorption spectra of five nickel complexes. 
lhe results are discussed in terms of the change of 10 Dg and of the Racah parameter B, with pressure. In 
general 10 Dg, the crystal field strength, increased with pressure, but the increase noted was not the same 
when calculated for the different peaks of a given complex. This discrepancy may be described in terms of 
changes of covalency as measured by changes of the Racah parameter B. In general B decreased with in- 
creasing pressure showing increased covalency at high pressure. There were some discrepancies in the value 
of B obtained from different transitions. These may be the result of experimental error, but may also be 
associated with distortions of the field, or with weaknesses in the assumption of point charges or dipoles. 


HE effect of pressure on crystal field peaks of five 
octahedral Ni(II) complexes has been measured to 
150 kbars. The high-pressure spectroscopic techniques 
have been discussed elsewhere,'~* except that the pres- 
sure calibration in the range above 140 kbars has been 
modified. This will be discussed in another paper. 
Parsons and Drickamer’ have studied the effect of 
pressure on several spin-allowed crystal field peaks in 
octahedral complexes. They found that pressure in- 
creased the crystal field parameter Dg as expected from 
the theory, although the increase in Dg for two transi- 
tions in the same complex was not equal, in disagree- 
ment with the simple theory. Using the equations of 
Tanabe and Sugano,‘ they calculated the effect of 
pressure on B, a measure of covalency, to give the same 
change in Dg for the two transitions. Where possible, 
this same technique is applied, again using Tanabe 
and Sugano’s calculations. Liehr and Ballhausen® have 
more detailed calculations for this case, but values of 
B are not obtainable from their work. 

The complexes studied include Ni(o-phen) 3(NOs3)2, 
Ni(a—a’dip)s Br, and Ni(en)2(ScN)2, all obtained 
from Dr. T. S. Piper, KNi(Gly) 3, obtained from A. D. 
Mackay Company, and NiO, obtained from Dr. W. B. 
Wilson from the Battelle Memorial Institute. Here, 
o-phen= o-phenanthroline, (a—a’ dip=a—a’ dipy- 
ridyl, and en=ethylenediamine. All of these com- 
plexes are octahedral and their spectra can be explained 
by crystal field theory. The ground state for Ni(II) in 
an octahedral field is (using Mulliken’s nomenclature 
84.(F), with three spin-allowed transitions, *A.(F)— 
372(F), *4o(F)—*7,(F), and *4.(F)—*7\(P). The 
lowest-lying transition, *A,(F)—*72(F), was obtained 


* This work was supported in part by U. S. Atomic Energy 
Commission, Chemical Engineering Project 5. 
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for all five complexes. The next higher transition, 
*Ao(F)—*7,(F), was obtained for KNi(Gly);3, NiO, 
and Ni(en)e(SCN):. while the highest transition, 
5Ao(F)—*71(P), was obtained only for KNi(Gly); 
and NiO. Pressure effects on other peaks were not 
obtained due to experimental difficulties. The shifts 
in energies of these absorption peaks are shown in Figs. 
1 to 10. The change in 10 Dg with pressure, is the same 
as the energy shift for the *72(F) transition and is 
indicated as such. Figure 10 shows the rather anoma- 
lous, but reproducible, pressure effect in Ni(a—a’ dip) 3 
Bro. In this complex Dg does not seem to increase with 
pressure above about 80 kbars. For KNi(Gly)3, NiO, 
and Ni(en)2(ScN)», the change in 10 Dg with pressure 
for each transition is shown in Figs. 11 through 13. 
These changes were obtained from Tanabe and Sugano’s 
calculations, assuming B=constant=1030 cm. It 
can be seen that A10 Dg is not equal for each transition 
in the same complex, and at high pressures, the differ- 
ence is larger than experimental error, which was 50 to 
100 cm. This discrepancy could be due to a number 
of factors, one of which might be the increase in cova- 
lency. This can be discussed in terms of the Racah 
parameter B which is determined by the repulsion 
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between electrons on a given atom. An increase in the 
degree of covalency between a metal atom and its 
ligands, would be accompanied by a spreading out of 
the charge cloud and therefore a reduction of the 
repulsion and thus of B. Even if this is a somewhat 
oversimplified view of a complex situation, calculation 
of B as a function of pressure, is a convenient means of 
1<—__—— classifying deviations from simple crystal field theory. 
Therefore, the change in B was calculated for each 
Fic. 12. A10Dg vs pressure. NiO. complex, using A10 Dg obtained from the *72(F) 
transition. The value of B used for atmospheric pressure 
Serer te : : = was the average one that best fitted the *7\(F) and 
- 37, (F) a 87,(P) transitions. The change in B with pressure for 
- 3, (F) the *7,(F) and *7;(P) transitions are shown in Figs. 14 
through 16. The equations used are*: 
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The change in B is quite sensitive to the energy shift 


of the transition and is probably only of qualitative 
value. For example, although B for KNi(Gly) ; increases 
for the *7\(F) transition during the first 40 kbars, it 
can be seen from Fig. 11 that the difference in A10 Dg 
for the *7.(F) and *7\(F) transitions is almost within 
experimental error. Thus, a small difference in the 
energy shifts could give a rather large change in B. In 
general, B decreases at high pressure for all three 
complexes, indicating an increase in covalency with 
pressure. At atmospheric pressure B was quite small 
for NiO and decreased steadily for both transitions, 
indicating a large amount of covalency in this complex. 

It may be noted that there is a discrepancy in the 
change in B for the *7\(F) and *7\(P) transitions in 
KNi(Gly); and NiO. Aside from the sensitivity of B 
to the energy shifts, calculating B in this manner does 
not take into account other possibilities of error in the 
theory, such as the effect of distortion of the octahedron 


AND 


H. G. ‘DRICLABRER 
of ligands, or the assumption that the ligands act as 
point charges, so that the disagreement in B may not 
be surprising. However, the qualitative evidence for an 
increase in covalency with pressure seems valid. 
The effect of the assumption of perfect symmetry 
may not be great, as at high pressure the discrepancy 
in A10 Dg for Ni(en)2(SCN)s is no larger than for 
KNi(Gly); and is appreciably smaller than A10 Dg 
for NiO. Since there are two different ligands for 
Ni(en)2(SCN)2, we would expect a distortion from 
octahedral symmetry for this complex. 
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High-resolution infrared absorption spectra of single crystals of LiOD and of the solid solution LIOH- LiOD 
are reported. These are compared with each other and with the spectrum of monocrystalline LiOH. Com- 
parisons with the spectra of Mg(OH)2 and Ca(OH): are also made. The differences in selection rules for the 
two types of hydroxides are discussed together with differences in spectra to be expected upon changing 
the mass of the cation and upon deuterium substitution. The discussion is in terms of the current theory 
of the spectra of such crystals. It is concluded that the complex spectrum of these minerals in the high- 
frequency region (2000-5000 cm™') is entirely due to OH~ (or OD~) ion motion. The motion is quite 
localized; the motions of the several OH™ ions of the crystal are poorly coupled. Difficulties with previous 
assignments due to unusual temperature dependencies of intensities are also discussed. The restricted 
rotational character of the localized motion of the OH™ ions, previously proposed, may be used to rationalize 
these difficulties and to qualitatively account for the existence and similarity of the spectra of all three 
materials. Finally, the “rotational” model accounts well for the frequency shifts consequent on deuteration 


INTRODUCTION 


HE problem of exploring the vagaries of the spectra 

of Mg(OH).2 and Ca(OH), has been set forward 
many times previously.'~* The problem is not, however, 
restricted to these minerals. It undoubtedly encom- 
passes the hydroxides of Cd, Fe(II), Ni(II), Co(II), 
and Mn(II), as they are isostructural with those of 
Mg and Ca. In all of these the space group is D3’, with 
the OH ions situated on sites of symmetry C3. As 
pointed out before,' the infrared spectrum of the 
pseudo-alkaline earth hydroxide LiOH is remarkably 
similar to those of Mg(OH)» and Ca(OH)>s. Indeed, 
one of the principal purposes of this article is to account 
for this similarity. 

The crystal structure of LiIOH was first elucidated 
by Ernst,‘ using x-ray techniques. It has been recently 
refined by Dachs,® who used neutron diffraction. The 
relationship of its structure to that of Mg(OH)>. and 
Ca(OH). may be appreciated by examination of Fig. 1. 
The unit cell of LiOH contains two formula units. 
Using the standard procedures of factor group analysis,® 
Wickersheim’ has proposed an assignment of the 
spectrum of a single crystal of LiOH in which various 
pairs of lines are described as additive and subtractive 
combinations of the OH fundamentals with lattice 
frequencies. Some of these are associated with unit 
cell modes which involve cation motion; such assign- 
ments will be discussed below in detail. 


+ This research was supported in part by the United States Air 
Force through the Air Force Office of Scientific Research of the 
Air Research and Development Command. 
1R. M. Hexter, J. Opt. Soc. Am. 48, 770 (1958). 
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3R. T. Mara and G. B. B. M. Smtherland, J. Opt. Soc. Am. 
43, 1100 (1953); R. T. Mara, dissertation, University of Michigan 
(1954) (published as Tech. Rept. 2, Signal Corps Project 
152B-O); R. T. Mara and G. B. B. M. Sutherland, J. Opt. Soc. 
Am. 46, 465 (1956). 
4'T. Ernst, Z. physik. Chem. (Leipzig) B20, 65 (1933). 
5H. Dachs, Z. Krist. 112, 60 (1959). 
6 H. Winston and R. S. Halford, J. Chem. Phys. 17, 607 (1949). 
7K. A. Wickersheim, J. Chem. Phys. 31, 863 (1959). 


In previous reports'? we have attempted partial 
analyses of the spectra of Mg(OH)s, Ca(OH)s, and 
LiOH in terms of models which view these spectra as 
originating solely in the localized motion (librational 
or hindered rotational) of the hydroxide ion. Another 
purpose of this article is to report the results of high- 
resolution studies of single crystals of LiOD and of 
LiOH-LiOD which seem to leave little doubt of the 
latter view. 


Fic. 1. Crystal structures of Ca(OH). and LiOH, to the same 
scale. 


EXPERIMENTAL 


LiOD single crystals were prepared by two methods. 
One of these was that used in our prior preparation of 
LiOH single crystals! and also used by Wickersheim’ 
in his study. LiOD crystals so produced were quite 
suitable for use in our double-beam instrument (to be 
described later in this article). However, for single- 
beam higher-resolution studies, the isotope effect on the 
intensities was so marked that considerably thicker 
crystals than those produced by this method were 
required. This was accomplished by the slow cooling 
of a melt in an induction furnace and in an argon atmo- 
sphere. No special drying of the argon was attempted. 
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Fic. 2. Comparison of spectra of 
LiOH, Mg(OH)s, and Ca(OH): plus 
comparison of observed and calcu- 
lated spectra of LiOD. For method of 
calculation, see text. 








The power supplied to the coils of this furnace was so 
controlled that the melt was allowed to supercool until 
nucleation occurred. Immediately after nucleation, the 
temperature of the sample was raised to a temperature 
still below the melting point such that one of the several 
nuclei survived the demise of the others. When a 
temperature was found that maintained this nucleus at 
a constant size, the power input to the furnace was held 
constant for 2 hr, during which time this nucleus grew 
into a large platelet. Following this the power was 
twice reduced, and after each reduction the crystal was 
permitted to grow in thickness, presumably _iso- 
thermally, for 2-hr periods. After a total of 7 hr the 
entire sample appeared to be singular, and the heating 
was terminated. Upon cooling to room temperature, 
the sample was removed from its silver crucible and 
cleaved parallel to the (001) face. By this method a 
singie crystal ~750 uw thick was produced. 

As indicated by the infrared measurements them- 
selves, crystals of LiOD stored over silica gel do not 
exchange their deuterium perceptibly in a period of at 
Nevertheless, the crystal prepared by 
the second method described above was observed to 
demonstrate features of the spectra of both LiOH and 
LiOD, as will be described in detail below. Apparently, 
in the several remeltings preparatory to nucleation, 
probably due to the lack of special drying of the argon, 


least a month. 


exchange occurred while the sample was in the liquid 
state. Taking into account the isotope effect of in 
1 qualitatively that the 
nge proceeded 50% to completion. We assume 
nucleation and 
as such would be unlikely 
grounds. We shall refer to this 
crystal as a 1:1 solid solution of LiOD in LiOH, or as 
LiOH-LiOD. In 


the spec tra suggest 


no segregation occurred upon 


ibsequent crystal growth, 

1 } > 
on thermodaynamk 
ions of the 


the interpretat spectra 


presented later the exact isotopic dilution of this 
sample is of little consequence. 

The double-beam spectrometer mentioned previously 
was the same Perkin-Elmer model 13 used in our 
previous study of LiOH.! As in earlier investigations®-” 
it was modified by the substitution of a 7500-line/in. 
Merton-NPL diffraction grating for the Littrow mirror, 
with a KBr prism left in place. This grating is blazed for 
3-4 radiation. The purity of this radiation was insured 
by the use of a Lucite chopper and an LiF filter. 

The single-beam highest-resolution instrument was 
a Perkin-Elmer model 112G modified by the use of a 
regulated Nernst glower source and a PbTe detector. 
In each instrument the sample was mounted before 
the monochromator such that only “normal-incidence”’ 
spectra were recorded. 


Frequency Calibrations 


Disagreement of several frequencies reported by 
Wickersheim’ with those previously reported by us! 
suggested greater care with spectral calibration. In our 
previous study of LiOH, calibration was accomplished 
using the method of Friedel and McKinney" as dis- 
cussed by Downie et al. The basic calibration points 
used were those of the 2.7-u band of atmospheric water 
vapor, precise frequency values for which are tabulated 
by Benedict and Plyler. The values of %) and B were 
found to be, respectively, 100 cm™ and 3.87 X 10" cm~. 
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INFRARED SPECTRUM OF 


Fic. 3. Infrared spec- 
trum of a single crystal 
of LiOH, normal inci- 
dence upon (001) face. 
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LiOD, AND LiOH-LiOD 














Fic. 4. Infrared spectra 
of single crystals of LiOD 
and of LiOD in LiOH, nor- 
mal incidence upon (001) 
faces. 
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The resultant plot of 7) vs 7, over the range 4000 
cm™ to 3500 cm™ had no discernible curvature, in- 
dicating the correctness of %. The extrapolation of this 
empirical straight line was apparently in error, how- 
ever, and a recalibration has been made using » of 
NH; as well as the water-vapor lines. This new calibra- 
tion yields frequencies for some LiOH bands still in 
disagreement with those tabulated by Wickersheim 
(see Fig. 2). 

Calibrations of the LiOD spectra were accomplished 
using 10-cm cells of HCl and HBr gas, at pressures of 
60 cm and 40 cm, respectively, plus atmospheric 
carbon dioxide. 
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Fic. 5. Infrared spectrum of single crystal of LiOH-LiOD, 
2950-3030 cm™ region. 
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Spectra 


The spectrum of LiOH is presented in Fig. 3. This 
is the same spectrum cited earlier.! We include it be- 
cause of the aforementioned calibration refinements 
and because it demonstrates a reflection maximum, 
also observed with the solid solution, which was not 
observed by Wickersheim. This reflection maximum 
will be discussed below. 

The spectra of LiOD and LiOD in LiOH are presented 
in Fig. 4. Higher-resolution spectra of the 2950-3030 
cm and 2480-2640 cm™ regions of the LiOD region in 
the solid solution are illustrated in Figs. 5 and 6, re- 
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Frc. 6. Infrared spectrum of single crystal of LiOH-LiOD, 
2480-2640 cm™ region. 
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Fig. 7. Infrared 
spectrum of single 
crystal of LiOH- 
LiOD, 600-50007: 
region, low resolu- 
tion. 





Fic. 8. Infrared spectrum of single 
crystal of LiOH-LiOD, 3200-3600 
cm™ region. 
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spectively. Figure 7 is a low-resolution spectrum of the 
LiOH- LiOD crystal covering the entire rock salt region. 
Figure 8 illustrates the lower-frequency side of the 
spectrum of the LiOH region in the solid solution and 
includes the same region in the spectrum of pure LiOH, 
for purposes of comparison. The reflection maximum 
referred to above is found in the spectrum of solid 
solution, shifted to slightly higher frequency. The 
significance of this shift will be discussed below. 

Of the spectra illustrated here, those of Figs. 3, 4, 
and 8 were recorded using the grating-modified Perkin- 
Elmer model 13, while those of Figs. 5 and 6 were ob- 
tained with the Perkin-Elmer model 112G. The spec- 
trum illustrated in Fig. 7 was recorded on a Beckman 
IR-4 instrument. 





DISCUSSION 


While our principle purpose here is to contrast the 
spectra of LiOH and LiOD, we also hope to show that 
there is great and essential similarity between the 
spectra of these substances and those of Mg(OH),* 
and Ca(OH)>»."* In order to understand better the 
possible differences in the spectra of all of these ma- 
terials, it is of value to contrast both their structures 
and the form of the normal coordinates of their possible 
lattice modes. The procedures of constructing the latter 
make use of well-known techniques” and have been 
amply illustrated by others. The contrasting structures 

44H. W. Morgan and W. R. Busing, J. Chem. Phys. 28, 998 
(1958). 

46 TD). F. Hornig, J. Chem. Phys. 16, 1063 (1948). 
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F1G. 9. Form of normal coordinates 
of LiOH and Mg(OH)p, etc. 
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are shown in Fig. 1. In Fig. 9, the lattice modes are 
indicated by the form of the unit cell modes; in each 
case it suffices to illustrate these with a figure possessing 
as many formula units as there are in the primitive 
unit cell. The figure used, however, is not a primitive 
unit cell, but has a sufficient number of the elements of 
symmetry of that cell to serve the present purpose. In 
degenerate species only one member of each degenerate 
pair is illustrated. 

Figure 1 emphasizes at least two important differ- 
ences in the two structures. These differences are simply 
in the populations of the unit cells, essentially related 
to the difference in stoichiometry, and in the coordina- 
tion numbers of the hydroxide ions. In one case [Mg- 
(OH)2, Ca(OH). ] the hydroxide ions are located at 
sites of symmetry C;, and in the other (LiOH) the 
site symmetry with respect to OH™ is Cy. Thus, in the 
alkaline-earth hydroxide the anions sit atop trigonal 
pyramids, while in LiOH the OH™ ion is at the pinnacle 
of a tetragonal pyramid. 

The consequences of the first of these differences are 
manifested in Fig. 9. In this figure we have identified 
the lattice modes of LiOH using Wickersheim’s number- 
ing system. The lattice modes of Mg(OH). are num- 
bered in a consistent manner. 

As the vibrational species are identical, so will be 
the selection rules. Nevertheless, it is to be noted that 
if this procedure is valid, because of the differences in 
the masses of Mg, Ca, and Li, and because of the 
differences in charges and geometry, it would be 
considerably accidental to find near coincidences in the 
spectra of LIOH and, say, Mg(OH)». Furthermore, 
because of the difference in the number of lattice modes 
of species /, there should be, according to this approach, 
one fewer fundamental active in Mg(OH)s, in additive 
and subtractive combination. 

Finally, Fig. 9 enables us to make the prediction that 
of all the absorption bands of LiOH, only those in- 
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volving v2, vs, and 7 will be simply affected by deu- 
terium substitution. As the first of these has the char- 
acter of translation and the last two of rotation, the 
frequency ratios of each type with the new frequency 
produced by deuterium substitution should be approxi- 
mately (17/18)! and (9/17), respectively. These are 
sufficiently different to provide a basis for assignment. 
[The internal modes’ frequency ratio von/vop will also 
be given by (9/17)}.] If there is considerable mode- 
mixing within any species, few of these numbers will 
have any validity. Because of the great difference 
between the frequencies of the internal and _ lattice 
modes, the last frequency ratio will probably not be 
changed. Finally, deuterium substitution may well 
affect the frequencies of all the remaining lattice modes 
(except the inactive ,) but in no simple manner. 

The spectrum of the monocrystalline solid solution 
will not be easy to predict, from this point of view. If, 
as we believe, the solution is approximately 1:1, each 
unit cell should then be populated with an average of 
one OH ion and one OD~ ion. To a first approximation, 
the degeneracies of v4, vg, vs, vis, aNd v7 should be re- 
moved, with the greatest effects concentrated in ps 
and 7. Nevertheless, this is a poor approximation, and 
we should rather recognize that such gross substitution 
constitutes a severe rendering of the translation group 
of the crystal, with broadened bands as a consequence. 
Where removal of degeneracy does result in the appear- 
ance of new bands, these two will be broad. 

We now summarize the results of Figs. 3-6, together 
with a comparison of the results of spectra of Mg(OH). 
and Ca(OH)», in order to judge the outcome of the 
contrasts anticipated above, all of which were based 
upon the predictions of the factor group, i.e., upon the 
assumption of extensive coupling of the motions of all 
the ions throughout the crystal. 

This summary is best appreciated by inspection of 
Fig. 2. In this figure, the frequencies of the most in- 
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tense bands of the spectra of Mg(OH)., Ca(OH)s, 
LiOH, and LiOD are plotted to the same scale. We 
have also incluced a “calculated” LiOD spectrum, 
obtained from the observed LiOH spectrum by the 
simple application of the p= (9/17)! rule throughout. 

Perusal of Fig. 2 leads to the following conclusions 
about the spectra of Mg(OH)s, Ca(OH)s, and LiOH): 

1. There are near coincidences in these spectra even 
with changes in mass and charge of cation, stoichio- 
metry, and geometry. 

2. Taking into account similarities in disposition of 
bands, there are apparently the same number of bands 
in each spectrum. 

Comparison of those parts of Fig. 2 which have to 
do with LiOH and LiOD leads to the following con- 
clusions: 

All frequencies are shifted approximately according 
to the p=(9/17)! rule. Mitra’® has found the same 
result using powdered Mg(OD)>.. Therefore, the mo- 
tions giving rise to these spectra have only to do with 
OH ions. 

The final point of summary may be gained by in- 
spection of Figs. 4, 7, and 8. In the solid solution there 
are no new bands; indeed, the spectra are hardly dis- 
placed from their positions in the pure compounds, 
and they are not broadened. Indeed, OH~ and OD 
seem to undergo all their motions without knowledge 
of each other’s presence. 


Thus the basic point of the factor group approach 
cannot be assumed in further discussions of the motions 


of OH~ in these substances. We must, rather, concen- 
trate on the localized character of the motions of OH-. 
It has been suggested! that these spectra may origi- 
nate in the restricted rotation of the OH™ ion in the 
external field imposed by the remainder of the crystal- 
line lattice. We shall now contrast the predictions of 
this model with the interpretations of the spectrum of 
LiOH, as derived from the factor group selection rules. 
It is first necessary to point out that there are few 
differences between the spectra reported here and that 
reported by Wickersheim which are not accounted for 
by reason of differences in resolution or calibration 
accuracy (discussed previously). There is little ques- 
tion of the reality of the weak band at ~3630 cm™. 
Analogous bands are found in the spectra of both 
Mg(OH)2 and Ca(OH)»2. The sharp line at ~3350 
cm? has earlier been ascribed to part of a reflection 
maximum, only slightly shifted and modified in shape 
upon dilution in LiOD. We believe this reflection maxi- 
mum is associated with the OH internal funamental, 
in the manner discussed by Haas and Hornig.” The 
high-frequency side of the reflection band associated 
with this fundamental is located closest to the absorp- 
tion maximum." The internal OH fundamental has an 
extremely large absorption coefficient, some 300 times 
Mitra, dissertation, University of Michigan, Ann Arbor, 
Michigan (1957). 
 C, Haas and D. F. Hornig, J. Chem. Phys. 26, 707 (1957). 
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that of the other bands in the spectrum. The low- 
frequency side of a reflection band is separated from 
its high-frequency side by an amount proportional to 
the quantity (du/0Q)*, which in turn is proportional 
to the absorption coefficient. It is therefore to be 
expected that a reflection maximum may be found at 
frequency much lower than that of the absorption 
maximum of an intense transition. It would take only a 
slight diminution in du/dQ or more probably, in the 
index of refraction or even the number of absorbers 
(see Haas and Hornig") to cause the shift in this re- 
flection maximum caused by the deuterium substitu- 
tion (Fig. 8). 

We next discuss the effect of temperature on these 
spectra. Wickersheim notes that the fifth band above 
the OH fundamental increased in intensity with 
increasing temperature. In the study of Ca(OH): by 
Morgan and Busing" one of the outstanding observa- 
tions was the decrease in intensity of a high-frequency 
“combination” (3720 cm) upon lowering the temper- 
ature from 20°C to —196°C. Similar behavior of a 
band of Mg(OH)» (3788 cm™) was reported by Mara.$ 
Such thermal behavior is characteristic of an “‘upper- 
stage” band; to account for such in terms of the ‘‘in- 
ternal-vibration coupled with lattice-vibrations” model 
used by Wickersheim, the lattice modes must be 
endowed with rather unusual anharmonicities. As has 
been pointed out previously,'! ‘‘upper-stage” bands 
may be easily rationalized by the “rotational” model. 
Indeed, they may even serve as starting points in the 
“rotational” analysis. 

In making his assignments of the low-frequency 
fundamentals Wickersheim uses, for the most part, the 
“difference bands.” There seems to be no reason for 
choosing these over the “summation bands.” Indeed, 
Wickersheim comments on the “strong symmetry” of 
his spectrum about the OH stretching fundamental. 
In Table I we contrast the extent of symmetry among 
the more intense bands, using his assignments and the 
frequencies obtained in both studies. Examination 
of this table leads to the conclusion that whatever 
symmetry there was using Wickersheim’s calibration 
is diminished in using ours. If the lattice-frequency 
model is used, there is reason to expect extensive sym- 
metry; the effects of anharmonicity ought to be the 
same on both summation and difference bands. The 
rotational model has no such requirement. 

In addition to the V=Vo(1— cos26@) potential we 
have proposed that for the field in which the rotating 
OH- ions move,! there should be added a feature 
which reflects the threefold symmetry of V(@) in 
Mg(OH), and its four-fold symmetry in LiOH. Mitra” 
has initiated such considerations, but they are in- 
complete. We can, however, come to the conclusion 
that there should be few differences in the spectra as a 
result of the different ‘‘folded-ness” of these fields. As 


18H. A. Benesi, J. Chem. Phys. 30, 852 (1959). 
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indicated in our earlier article,! each level of the re- 
stricted rotator is denoted by two quantum numbers, 
n and m, where m=0, +1, +2, -+--:n. Each level 
with m0 is doubly degenerate in the azimuthal field 
V(o) =0. If V(@) is finite and has symmetry Cy, 
these degeneracies are respectively removed for the 
levels m=3, 5++-, while if the field has symmetry Cy, 
these degeneracies are removed for m=2, 4-++. Never- 
theless, upon comparing the possible transitions in the 
two manifolds, according to the selection rules An=0, 
+2, +4, +6---; Am=0 and An=+1, +3, +5, «+; 
Am= +1, we find that the ultimate multiplicities of the 
transitions are identical for the two point groups. The 
similarity of the spectra of LiOH and of Mg(OH)s 
and Ca(OH): is completely consistent with this finding. 

In summary, taking into account the temperature 
dependence and asymmetry of the spectra of all of 
these substances, together with the apparent identity 
of multiplicities found in the spectra, we find them 
more compatible with the ‘‘rotational” model than 
with the “lattice-vibration” model. The latter model 
fails to account for the similarities among the spectra of 
LiOH, Mg(OH)s, and Ca(OH)e; the fact that the 
deuterium isotope effect is simple and affects all of the 
spectrum; and the fact that partial deuterium substi- 
tution does not in any way change either the LiOH 


LiOH, 
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Wickersheim’s study Present investigation 
From 
“summation 
bands” 


From 
“difference 
bands” 


From 
“summation 
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1434 
291+6 
3436 
419+4 


125+1 
286+1 
307+2 


143+1 
31441 
388+1 
42742 


32044 
420+4 





or LiOD spectra. These observations have all been well 
rationalized on the basis of the highly localized ‘“‘rota- 
tional” model. 
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A study of glow curves and thermal effects indicates that both ground state and excited nitrogen atoms are 
trapped in discharged nitrogen condensed at 4.2°K. At elevated temperatures the recombination of ground 
state atoms is apparently governed by a single activation energy. The excited atoms are found in two types 
of traps; one associated with the ordered and the other with the disordered regions in the matrix and each 


has a distribution of energies. 





NUMBER of publications have reported the 

properties of nitrogen atoms trapped in solid 
molecular nitrogen at low temperatures. Spectroscopic 
studies'~* indicate that the prominent features of the 
condensation and subsequent warm-up glows are due 
to the ?7D—4S and ?P—?D atomic nitrogen transitions 
and the 1S—'D system of atomic oxygen present as an 
impurity. Weaker features are attributed to the 
2P—4S atomic nitrogen transition and radiation from 
excited molecular Electron spin 
studies*"* demonstrate the presence of ground state 
nitrogen atoms in condensed nitrogen discharge 
products. Fontana has measured a minimum nitrogen 
atom concentration of 0.03% and states that the 
initiation of atom recombination occurs at 9°K and 
that the upper limit of atom stabilization is the molecu- 
lar nitrogen transition temperature of 35°-36°K. 
Fontana suggests that, if the recombination of atoms 
is diffusion controlled, the unusual 
temperature dependence. 

The occurrence of bright glows is the most spectacu- 
lar aspect of the trapped nitrogen atom system, but 
there does not appear to be any satisfactory explana- 
tion of the origin of the excited states causing these 
glows. In many publications it has been tacitly assumed 
that the glow and atom recombination are related. It 
is evident that either excited atoms are trapped in the 
molecular nitrogen matrix and become free to radiate 
1 A. M. Bass and H. P. Broida, Phys. Rev. 101, 1740 (1956) 

2H. P. Broida and M. Peyron, J. phys. radium 19, 480 (1958). 

M. Peyron, E. Hoérl, H. W. Brown, and H. P. Broida, J 
‘hem. Phys. 30, 1304 (1959). 

‘H. P. Broida and M. Peyron, J. phys. radium 18, 593 (1957). 

5C. M. Herzfeld, Phys. Rev. 107, 1239 (1957). 

C. M. Herzfeld and H. P. Broida, Phys. Rev. 101, 606 (1956). 

7 FE. Horl, J Mol. Spec troscopy 3, 425 (1959). 

’T. Cole, J. T. Harding, J. R. Pellam, and D. M. Yost, J. 
Chem. Phys. 27, 593 (1957). 

*S. N. Foner, C. K. Jen, E. L. ¢ 
J. Chem. Phys. 28, 351 (1958 

wc. K Jen, S. N. Foner, E. L 
Phys Rev 112, 1169 (1958). 

1 T. Cole and H. M. McConnell, J. Chem. Phys. 29, 451 (1958). 

2]. A. Wall, D. W. Brown, and R. E. Florin, J. Chem. Phys. 
30, 602 (1959 

L. A. Wall, D. W 
63, 1762 (1959 
4B. J. Fontana, J. Appl. Phys. 29, 1668 (1958 
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at elevated temperatures, or the excited atoms are 
formed during the process of recombination of ground 
state atoms. The latter explanation has been expressed 
by Edwards.” Experimental support of either mech- 
anism is weak. 

The present work is a study of the temperature de- 
pendence of the glow caused by trapped nitrogen 
atoms and was undertaken to determine which of the 
afore-mentioned mechanisms is the more likely to be 
correct. The specific glow frequencies studied were the 
a(?D—4S) of atomic nitrogen at 5229 A and the BUS— 
'D) of atomic oxygen at 5549 A. 


EXPERIMENTAL METHOD 


The technique of dissociating gaseous nitrogen and 
condensing the discharge products is similar to that 
used by Broida' and Fontana."* A 10 Me discharge is 
used instead of the 2450-Mc cavity. Power is supplied 
from a Westinghouse Industrial R.F. Generator having 
a maximum output of 1 kw. The electrodes are metal 
straps around a Pyrex tube. Nitrogen flows from a 
vessel of calibrated volume, through the discharge 
tube, directly to the condensation surface. The flow 
rate is varied with a needle valve. Flow rates are re- 
ported in terms of the number of moles of Ne per minute 
deposited in the low-temperature cell. The total mass 
of nitrogen deposited varied between 0.01 and 0.03 
mole. 

A single cylinder of nitrogen was used for all the 
work reported here. Analysis showed the following im- 
purities: 21 ppm H,0, <7 ppm H2, <1 ppm hydro- 
carbons, <1 ppm COs, <1 ppm O:. 

Because of radiation losses, it is not possible to 
specify the electrical power delivered to the discharge 
tube. However, all discharges were run at the same 
value of the plate current of the generator. The power 
output was approximately 100 w. 

Figure 1 is a diagram of the low-temperature cell. 
The Dewars have been omitted. Basically, the ap- 
paratus consists of a copper cup sealed at the end of a 

16 J. W. Edwards in Formation and Trapping of Free Radicals, 


edited by A. M. Bass and H. P. Broida (Academic Press, In« 
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glass tube which extends up and out of the top of the 
cryostat. A Housekeeper seal is used to bond the 
copper to the glass. The discharge products are brought 
in through a central glass tube which may be heated 
electrically. 

The copper cup is 40 mm long, 20 mm in diameter, 
and has a wall thickness of 0.25 mm. The mass of the 
copper is 11 g exclusive of thermometers and heater. 
Two thermometers are used to cover the range of 1.2° 
to 90°K. A copper resistance thermometer (No. 40 
AWG) is close wound in a double layer over the out- 
side of the cup, exclusive of the bottom, and has a room 
temperature resistance of 150 ohms. It is used in the 
range of 20° to 90°K. The windings are cemented in 
place with a thin film of 9574 General Electric clear 
baking varnish. A 100 ohm, 3 w Ohmite carbon re- 
sistor is used in the 1.2° to 20°K range. The ceramic 
insulation was ground off and the resistor was sealed in 
a thin, close fitting copper sheath with baking varnish. 
This unit was soldered with Woods metal into a hole 
running through the base of the cup. Each thermometer 
is equipped with four leads; two for current and two 
for voltage measurements. 

A 100-ohm manganin heater is wound around the 
outside wall of the cup over the copper thermometer. 
The windings are spaced to cover the entire wall and 
still permit the refrigerant to directly contact the under- 
lying copper. All electrical leads (No. 40 AWG copper) 
are spiralled along the outside surface of the glass tube 
supporting the copper cup and are cemented in place 
with baking varnish. 

A gold plated copper radiation shield surrounds the 
copper cup and is extended to the bottom of the Dewar 
by means of a } in. diameter copper post. In this 
manner the shield is held at the refrigerant tempera- 
ture as long as any liquid remains in the cryostat. The 
shield has a single hole in the bottom and a ring of 
holes around the top to permit circulation of refrigerant 
and also to allow escape of gas formed during a con- 
densation. A gold-cobalt vs copper!’ thermocouple is 
attached to the base of the shield. All condensations 
were Carried out at the normal boiling point of helium. 

The copper thermometer was calibrated at the boil- 
ing point of hydrogen’ and the argon triple point'* 
using the data of Dauphinee and Preston-Thomas.!’ 
The copper thermometer is believed to have an ac- 
curacy of +0.05°K. 

The copper resistance was recorded directly on a 
Leeds and Northrup, 60 000 Series, Recorder having a 
range of 0 to 100 ohms. The carbon thermometer was 
calibrated at the boiling points of hydrogen!’ and 

16 N. Fuschillo, J. Phys. Chem. 61, 644 (1957). 

11C, T. Linder, Westinghouse Research Laboratories, Research 
Rept. R-94433-2-A (1950). 

18 A, Michels, T. Wassenaar, Th. Sluyters, and W. de Graaff, 
Physica 23, 89 (1951). 


19T, M. Daughinee and H. Preston-Thomas, Rev. Sci. Instr. 
25, 884 (1954). 
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Fic. 1. Diagram of the low-temperature cell. 


helium” and the hydrogen triple point.’’ Liquid 
hydrogen having a para content of 95% or higher was 
used. Calibration of the carbon thermometer was re- 
peated each time after the apparatus was warmed to 
room temperature. The following equation, taken from 
Clement and Quinnell,”* was used to relate resistance 
and temperature 


logR+K/logR=A+B/T. (1) 


A constant measuring current of 7.5 wa was used and 
voltages across the thermometer were measured with a 
Rubicon B potentiometer, or recorded directly on a 
Leeds and Northrup Adjustable Range Recorder. 
Typical values of the constants in Eq. (1) are A =3.687, 
B=2.931, and K=3.343. Temperature measurements 
with the carbon thermometer are accurate to at least 
+0.05°K under static conditions and +0.1°K under 
conditions where the temperature is slowly varying 
(<1°K/min) subject to the validity of Eq. (1). 

A direct light path exists from the surface of the 
condensed nitrogen, up the inlet tube, and through a 
quartz window. Intensity measurements were made 
with a 931-A phototube or, when a particular wave- 
length was desired, the phototube was replaced by a 
mirror which reflected the light onto the slit of a 


2H. Van Dijk and M. Durieux, Physica 24, 1 (1958). 
21 J. R. Clement and E. H. Quinnell, Rev. Sci. Instr. 23, 219 
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Fic. 2. Thermal releases (spikes 
during the deposition of undis- 
charged nitrogen. Only a portion 
of the deposition is shown. 0.00008 
mole/min deposition rate. 
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Jarrel-Ash Ebert Spectrometer using either a 931-A or 
IP-21 phototube. Phototube outputs were amplified 
with a Leeds and Northrup 9836-A amplifier and 
recorded. The phototube voltage was 810 v. Intensi- 
ties are reported in arbitrary units. However, a unit of 
1 is equivalent to a current of 0.01 wa phototube output 
current. 

Prior to condensation, approximately 200 cc of 
liquid helium are introduced into the cryostat. This 
leaves the cup and shield immersed in 6 inches of re- 
frigerant. After the condensation, the liquid helium is 
pumped, reducing the temperature to 1.2° to 1.3°K, 
and the liquid level gradually drops. When the liquid 
level is at the bottom of the shield, about 60 cc of 
helium remain, and the apparatus may be manipulated 
in two ways. In each case the helium pumping is con- 
tinuous. The cup may be heated electrically to any 
desired temperature and held there by balancing the 
heat input against the loss to the bath. Any tempera- 
ture between 3.5° and 30°K may be held constant as 
long as the helium bath lasts. Temperature control is 
manual and the heater current is varied so as to keep 
the voltage across the carbon thermometer constant. 
Any temperature between 3.5° and 30°K may be 
reached and stabilized within one minute after heating 
commences. The duration of constant temperature is 
approximately 13 hr at 15°K and 20 min at 25°K. 
Below 20°K temperature fluctuations during a run 
can be kept within +0.005°K calculated from the 
galvanometer deflections using Eq. (1). Above 20°K 
the fluctuations increase, but in no case do they ex- 
ceed +0.05°K. 

A continuous warmup is carried out by increasing 
the heater current linearly with time after the helium 
level has dropped to the base of the shield. This gives a 
warming rate in which the temperature increases nearly 
linearly with time. The operation may be done manu- 
ally or by means of a variable speed motor drive. At 
any temperature the system may be quenched by 
bubbling helium gas through the liquid helium causing 
a sudden evolution of cold gas which cools the cup 
from temperatures as high as 30° down to 5°K within 
30 to 45 sec. 

The term “discharged” refers to nitrogen condensed 
after dissociation in the electric discharge. ‘“Ordinary”’ 


nitrogen refers to nitrogen that was not passed through 
the discharge prior to condensation. 


EXPERIMENTAL RESULTS 


Deposition and Warmup of Ordinary Nitrogen 


During the slow deposition of ordinary nitrogen fre- 
quent heat releases are sensed by the carbon ther- 
mometer, but when the deposition rate is rapid, these 
heat releases are not observed. Figure 2 demonstrates 
the heat releases during a slow deposition. Because the 
low-temperature cell and thermometer are in direct 
contact with the refrigerant, the indicated temperatures 
and temperature rises are much lower than the actual 
temperatures of the solid nitrogen. Fontana" has 
shown that the solid temperature may be as high as 
20°K depending on the flow rate. However, the terms 
“fast” and “slow” deposition rates are relative and 
care must be used when comparing results obtained 
with other apparatus since the surface temperature of 
the solid will not only depend on the gas temperature 
and flow rates, but also on the condensing area, thick- 
ness, and thermal conductivity of the condensing 
surface. 

The heat releases suggest that there are frequent 
changes in the structure of the solid nitrogen during a 
slow (low-temperature) deposition. It is not known 
whether this process is localized in the deposit. 

Figure 3 shows a series of warming curves of con- 
densed nitrogen. An exothermal process occurs between 
15° and 17°K in slowly deposited nitrogen, but is ab- 
sent or undetected in rapidly deposited samples. The 
heat release is estimated to be approximately 3 cal/ 
mole and does not appear to be strongly dependent on 
the deposition rate as long as it is less than about 0.005 
mole/min. The mass of the copper cup, but not the 
thermometers or heater, has been entered into the 
calculations of all heat releases. The copper heat ca- 
pacity was taken from Kelly”? and the nitrogen heat 
capacity from Giauque and Clayton.” The calculated 
heat releases are low because the principal errors are 


*K.K. Kelly, Bulletin No. 477, U. S. Dept. of the Interior, 
Bureau of Mines, 1948 (Revised 1950). 
*3W. F. Giauque and J. O. Clayton, J. Am. Chem. Soc. 55, 
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unmeasured heat losses, i.e., to the helium bath and 
glass supports of the cup. 

The 15°K heat release is reproducible in slowly de- 
posited samples and probably is an annealing process. 
The fact that the annealing process is not observed in 
rapidly deposited nitrogen is consistent with the ab- 
sence of thermal pulses during rapid deposition. How- 
ever, it has not been established whether the exo- 
thermal processes at 15°K and during deposition are 
of the same type. Very likely they are not. The 15°K 
event occurs rather slowly while the heat releases 
during deposition appear to occur suddenly. Perhaps 
the deposition process is a localized change from 
amorphous to short range order and the 15°K process 
is a change from short to long range order; e.g., a 
sintering of small crystals. At sufficiently high deposi- 
tion rates these ordering processes do not occur because 
the surface temperature is high enough to permit 
sufficient diffusion to form a well ordered solid. These 
results are to be contrasted with x-ray studies** which 
indicate that ‘‘nitrogen deposited at 20°K shows more 
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deposition rates are: A—0.0177 mole/min, B—empty cell, C— 
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disorder than that deposited at 4.2°K and subse- 
quently annealed at 13°K.” 

Sometimes, after the termination of the deposition, 
an additional thermal spike is observed when the 
helium bath pumps are started. Vibration from the 
pumps probably initiates the process. Also, it may be 
initiated by illuminating the nitrogen with a light al- 
though the light alone is not sufficient to cause the 
observed temperature rise. In general, this “after 
spike” is most likely to be observed if there has been 
no thermal spike immediately prior to the termination 
of the deposition and likely the effect is due to ordering 
initiated by shock or a slight temperature rise caused 
by illumination. 


Deposition and Very Low Temperature Activity of 
Discharged Nitrogen 


The deposition of discharged nitrogen at 4.2°K is 
accompanied by a strong green glow and frequent 
bright yellow flashes. This process has been described 
by Fontana,™ who states that the flashes consist of 
simultaneous increases in the 6 and B-band intensity 
and decrease in the a intensity. Sudden increases in 
temperature and decrease in magnetic susceptibility 
also accompany these flashes. The thermal observa- 
tions are confirmed as is the behavior of the 8 and B 


% B. J. Fontana, J. Chem. Phys. 31, 148 (1959). 
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frequencies, but in the work reported here, the @ in 
tensity always increases. Figure 4 shows the tempera- 
ture during a discharged nitrogen deposition with the 
a intensity recorded simultaneously. Each thermal 
spike is accompanied by an increase in the a intensity 
which decays exponentially. The half-life of the decay 
is 30.4 sec. 

No correlation exists between the magnitude of the 
a intensity and temperature spikes because the process 
is known from visual observations to be localized in the 
deposit. The thermal effects are very similar to those 
observed during the deposition of ordinary nitrogen, 
but the magnitude and frequency is greater in the 
case of discharged nitrogen. 

Following deposition the a intensity decays ex- 
ponentially with a half-life of 31 sec. This number is an 
average of five runs. This half-life is not affected by 
rapid cooling to 1.2°K during the decay. 

One final phenomenon associated with the deposition 
should be noted. Before a nitrogen sample can be 
warmed, the liquid helium level must be pumped down 
to the base of the shield. This requires about 2 to 4 hr, 
during which time the temperature of the solid nitrogen 
is 1.2° to 1.3°K. During this period occasional activity 
has been observed in the form of sudden initiation of 
the glow. This has been observed six times out of 
seventy and does not appear to be simply related to 
conditions of discharge, flow rate, or quantity of 
nitrogen deposited. In some cases the process has oc- 
curred an hour after the temperature was reduced, so 
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there is no question about the solid still being “hot.”’ 
Figure 5 shows a record of one such occurrence. The 
decay is exponential with a half-life of 29.8 sec. We 
have been unable to determine whether this phe- 
nomenon is localized and no thermal effects have been 
observed. However, the high thermal conductivity of 
the super-fluid helium may account for the absence of 
measurable thermal effects. Because the phenomenon 
is rare, only the @ intensity has been successfully re- 
corded. The initiation of this post-deposition “‘flash”’ is 
probably related to the same ordering phenomena ob- 
served after the deposition of ordinary nitrogen 
initiated by shock or illumination. 


Warmup of Condensed Discharged Nitrogen 


Figure 6 shows the a-glow intensity and temperature 
during controlled warming of solid discharged nitrogen. 
Although not shown on Fig. 6, the first traces of glow 
are detected at 4.5° to 4.7°K. The onset of glow activity 
is not accompanied by any sudden heat release and the 
intensity increases smoothly as the temperature is 
raised. The most interesting aspects of the glow curve 
are the occurrence of a shoulder at 14° to 15°K and 
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Fic. 6. a intensity and temperature during controlled warming 
of solid discharged nitrogen. 0.0043 mole/min deposition rate. 
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two maxima, one at 16°K and the other at 19.7° to 
20°K. Following the 20°K glow maximum there is a 
sudden heat release at 23°K. The heat release is ac- 
companied by a momentary increase in glow activity. 
This heat release does not occur in ordinary nitrogen. 
Figure 6 is replotted in Fig. 7 as intensity vs tempera- 
ture. 

The features in the glow curve are reproducible, but 
the heat release does not always occur at the same 
temperature. It may occur anywhere between 14° and 
23°K, although, under the condition of discharge and 
flow rate used, it is usually found between 20° and 
21°K following the second maximum in the glow curve. 
Figure 8 shows a case where the heat release occurred 
at 18.2°K. 

If the deposition rate is rapid, the glow curve is 
markedly changed, as shown in Fig. 9. The 14°-15°K 
shoulder and 16°K maximum are missing, while the 
20°K maximum is still observed. In this case the heat 
release occurred at 20.5°K. The low-temperature 
(<17°K) glow features are obviously dependent on 
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Fic. 8. a intensity and temperature during controlled warming 
of solid discharged nitrogen. 0.0012 mole/min deposition rate. 


the deposition rate and occur under conditions where 
the annealing process is observed in ordinary nitrogen. 
The 16°K glow peak covers exactly the same tempera 
ture range as the annealing event and a slight tempera- 
ture rise is measurable over this range when the 
discharged nitrogen is deposited slowly (see Fig. 8). 
The fact that the heat releases appear abruptly is a 
characteristic of the experimental procedure. A heat 
release is observed when the rate of heat production 
exceeds the rate of loss to the liquid helium heat sink. 
If a discharged nitrogen sample is permitted to warm 
up without restraint (by complete removal of the re- 
frigerant) no sudden heat release is observed. Com- 
parison of discharged and undischarged nitrogen 
during unrestrained warming shows that the heat re- 
lease becomes measurable at 5° to 6°K and proceeds 
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Fic. 9. @ intensity and temperature during controlled warming 
of solid discharged nitrogen. 0.0366 mole/min deposition rate 


continuously as the temperature rises. With this¥in 


mind, we will continue to use the terms ‘“‘initiation”’ of 


the heat release. This experimental situation is fortu- 
nate because it allows one to distinguish between the 
glow and heat producing processes. Although the heat 
releases here are relative to balances of heat fluxes, they 
do represent the major portion of the heat producing 
process. 

The nitrogen deposit has been observed with a 
telescope during warming and there is no visual evi- 
dence of localized glow activity. 

Although Figs. 6, 8, and 9 indicate termination of 
glow activity soon after the heat release, use of max- 
imum phototube sensitivity shows the glow to persist 
to temperatures as high as 40°K. There is an abrupt 
intensity increase (a and 8) at the molecular nitrogen 
transition temperature. The 35.85°K transition is ob- 
served in all runs on both discharged and undischarged 
nitrogen. 

The behavior of the 8 intensity is similar to, but 
much weaker than the a@ intensity on warming. See 
Figs. 10 and 11. The B bands were detected on warm- 
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ing, but were too weak to determine their temperature 
dependence. 

Figures 6 through 11 indicate that there are two 
types of traps for the glow process, one associated with 
the disordered regions in the nitrogen matrix and the 
other associated with ordered regions. It is also evident 
that the glow process is rather sensitive to structural 
changes in the solid. The 15°K annealing and 35.85°K 
phase change cause large increases in the glow activity. 

Table I compares the heat release temperature, AH, 
the calculated nitrogen atom concentration, integrated 
a intensity, and flow (or deposition) rate. The dis- 
sociation energy of Ne was taken as 225 kcal/mole.” 
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The nitrogen atom concentration was calculated on 
the assumption that the heat release results from the 
recombination of ground state atoms. Because these 
concentrations are based on measurements made 
during restrained warming, the values will be low com- 
pared to other published values, but they still are useful 
as relative measures. Concentrations calculated from 
unrestrained warming experiments indicate nitrogen 
atom concentrations of the order of magnitude of 
0.1%. Assuming that the magnitude of the heat release 
is a proper measure of the 4S nitrogen atom concentra- 
tion and the integrated a intensity is a correct measure 
of the total number of radiating 7D atoms, several 
generalizations can be made. Neither the concentration 
of 4S atoms, nor the total number of radiating ?D atoms 
is dependent on the deposition rate. However, it is ap- 
parent that, as the “S atom concentration increases, 
the total number of radiating 7D atoms decreases. The 
lack of dependence of atom concentrations on deposi- 
tion rate is surprising and probably indicates that the 
conditions of discharge are critical in determining 
trapped atom concentrations. 
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ing of solid discharged nitrogen. 0.0138 mole/min deposition rate. 
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TaBLe I. Comparison of 4S atom concentrations and integrated 
« intensity. 


AH' AN Yh 


Deposition rate 


0.0078 NDe 


0.010 631 


0.0064 
0.0113 
0.0039 3500 0.0198 
0.0036 ND 


0.0036 


0.0012 
ND 
8850 


0.0026 
0.0029 

4 ue 0.0033 
23.0 4 


0.0366 
0.00234 
0.0043 


8940 


0.0023 29,300 


® Temperature at which the heat release is initiated. See text 

> Cal/mole. 

© Integrated @ intensity per mole. Only data are included which were obtained 
with the same phototube under identical operating conditions. 

4 Mole/min. 

* No data. 


Several experiments were performed in which a dis- 
charged nitrogen sample was heated to temperatures 
of 14°, 20°, and 27°K and then quenched rapidly to 
4°-6°K. In each case, upon quenching, the a intensity 
decayed exponentially with a half-life of 30-31 sec. 
Here it should be noted that the decay assumes an 
exponential form as soon as the temperature reduction 
is started. The rate at which the temperature is re- 
duced does not affect the exponential form or the half- 
life. On reheating, the a glow reappeared at approxi- 
mately the temperature from which the sample was 
quenched suggesting that a distribution of activation 
energies control the glow process. 

Qualitative information about the activation ener- 
gies of the process causing the heat release was obtained 
with interrupted warming experiments. The tempera- 
ture of a discharged nitrogen sample was raised slowly 
until theJheat release just begins, at which point the 
temperature is held constant for 15 to 20 min. If the 
temperature is raised after this period, no further heat 
release is detected. Thus, the process causing the heat 
release, when initiated, will go to completion. This 
should be contrasted with the behavior of the glow 
during an interrupted warming. At constant tempera- 
ture the glow decays, but when the temperature is 
again increased, the glow intensity increases, frequently 
becoming as large or larger than before the interruption. 


DISCUSSION 


The experimental work gives several significant re- 
sults with which any model for the origin of the glow 
in solid discharged nitrogen must be 
namely: 

1. The maximum glow and thermal activity do not 
necessarily occur at the same temperature. 

2. If the thermal and glow activity are attributed to 
4S and ?D atoms respectively, then high concentrations 


consistent, 
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of 4S atoms are associated with a small number of 
radiating ?D atoms. 

3. The activation energies of the thermal and glow 
processes are different in the sense that the thermal 
process behaves as though it is controlled by a single 
activation energy, while the glow process appears to be 
controlled by a distribution of energies. 

4. Regardless of the nature of the cause of the 
initiation of the glow activity, the decay of the *D—4S 
intensity is always the same following cessation of the 
stimulus. The decay is exponential with a half-life of 
approximately 30 sec. The half-life is independent of 
temperature. 

There are two alternative explanations for the origin 
of the glow activity (origin of 7D and ?P nitrogen states). 
They are: 

1. The *D and ?P states are formed in the solid 
nitrogen during condensation and at elevated tem- 
peratures. They would be formed by the excitation of 
4S atoms. 

2. The *D and 2P formed in the dis- 
charge and become trapped in the solid nitrogen such 
that they are not free to radiate except at elevated 
temperatures. 

If the first alternative is accepted, then an energy 
source for the excitation of 4S atoms must be found. 
The only reasonable source is the recombination of 4S 
atoms. This cannot result directly in excited atoms so 
a second step is necessary. The 7D or ?P atoms could be 
formed by an energy exchange between 4S atoms and 
excited nitrogen molecules resulting from recombina- 
tion. These steps are illustrated in Eqs. 2 through 6. 


N(4S)+N(4S)— Ne (excited state) (2) 


states are 


N(4S)-+ Ne (excited state) -—>N(?P, or 2D)+N> (3) 
N(?P)—N(?D)-+ fv(6) (4) 
N(?2P)>N(4S)+hv(u) (5) 
N(2D)-N(4S)+hyr(a). (6) 


Part of the recombination energy is radiated while the 
remainder is transferred to the lattice as heat. The 
usual restrictions concerning collisions of the second 
kind apply, particularly the requirement that the ex- 
cited molecules have a reasonably long lifetime. 

This mechanism has been proposed by Edwards 
and the authors.?7 However, such a mechanism seems 
very unlikely in view of the fact that thermal and glow 
processes do not necessarily coincide, and it is not 
obvious how the maximum glow activity can precede 
the process causing it (recombination of 4S atoms). 
Even more significantly it is noted that the inverse 
relation between the 4S and ?D atom concentrations is 
completely inconsistent with the 
mechanism. 


energy exchange 


77R. A. Hemstreet and J. R. Hamilton, Fourth International 
Symposium on Free Radical Stabilization, August 31-September 
2, 1959, Washington, D. C. 
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The only reasonable way of preserving the energy 
exchange mechanism would be by assuming that the 
thermal effects are not caused by atom recombinations 
but by something like annealing of defects engendered 
by the presence of free atoms. Obviously, this situation 
would lower the free atom concentration estimates to 
an almost insignificant value and would be contrary to 
published thought on the subject. At present it is 
preferable to accept the thermal effects as representa- 
tive of atom recombination and reject the exchange 
mechanism as causing the excited atomic states. This 
leads to the hypothesis that excited nitrogen atoms are 
trapped such that they are stable with respect to emis- 
sion at sufficiently low temperatures. 

Two assumptions will be made concerning the trap- 
ping of ground state and excited atoms. First, assume 
that the 4S atoms are stable in a solid molecular nitro- 
gen matrix only by inhibition of diffusion, and all the 
atoms have the same diffusion constant (same activa- 
tion energy). At sufficiently low temperatures recom- 
bination is prevented because the diffusion constant is 
very small. As the temperature is raised the recom- 
bination rate will increase smoothly. In the type of 
experiments reported in this paper, recombination will 
become evident when the rate of heat production 
(taken as proportional to the reaction rate) exceeds the 
rate of heat transfer to the liquid helium heat sink. The 
temperature at which this occurs will depend on the 
initial atom concentration and the warming rate. If the 
warming rates are the same in a series of experiments 
(as was the case in Table I) the heat release tempera- 
ture will decrease as the atom concentration increases. 
This picture is consistent with the data of Table I. 

The explanation of the glow process involves the 
assumption that excited atoms (?D and ?P) originating 
in the discharge are trapped within the molecular 
nitrogen matrix. However, the inhibition of diffusion is 
not by itself sufficient to stabilize the ?P and ?D atoms, 
and the excited atoms are not stable for long periods by 
being at sites where their radiative lifetimes approach 
the lifetime in vacuum (about 20 hr for 2D and 4 sec 
for ?P). Storage of these solids for 10 to 20 hr at 4.2°K 
shows no measurable loss of 7D atoms on warm-up, 
and it is unreasonable to expect sites which will extend 
the ?P lifetime sufficiently long to be observable hours 
after deposition. The excited atoms would be trapped 
in the sense that they are held by some sort of weak 
complex with the molecular nitrogen matrix. This 
complex would have to be such that the excited atom 
is stable with respect to spontaneous emission. Milligan 
et al. have postulated the existence of an N; radical to 
explain certain infrared observations. The triatomic 
nitrogen of Herzfeld® and Peyron*® does not represent 
the complex postulated here. Their model is used to 
explain the emission spectra of the ?P and 2D states 


*D. E. Milligan, H. W. Brown, and G, C, Pimentel, J. Chem. 
Phys. 25, 1080 (1956). 
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and thus refers to a situation where the excited atoms 
are unstable. 

It is impossible, from the results of this paper, to 
specify the nature of the traps causing stabilization of 
excited states, but the results do demonstrate that 
there are two types of traps. One of these is associated 
with the ordered and the other with the disordered 
regions in the nitrogen matrix. Each of these trap 
types probably has a distribution of energies which 
appears to be continuous within the experimental 
resolution. This means that at any given temperature, 
only a certain fraction of excited atoms are free to 
radiate while the remainder are stable for rather long 
periods of time. The possibility of multiple trapping 
sites for nitrogen atoms has been noted by Jen.” 

The concept of a distribution of trapping energies 
for excited atoms is consistent with the observation 
that the 4S and excited atom concentrations are in- 
versely related. At any given temperature there are 
four reactions to consider. The first is the recombina- 
tion of 4S atoms which by postulate is only diffusion 
controlled. 


N(4S)+N(4S) Nz. (7) 


Secondly, excited atoms will leave their traps and 
radiate 


N(trapped, excited)—>N (free, excited) >N(4S)+Av. (8) 


The third and fourth reactions are recombinations be- 
tween 4S atoms and excited atoms, both trapped and 
free. 


N(4S)+N(trapped, excited) Ne (9) 
N(4S)+N(free, excited) >No. (10) 


Reactions (9) and (10) will destroy excited atoms before 
they can radiate thus reducing the intensity. Thus, the 
higher the mobile “S atom concentration, the greater 
the probability that excited atoms will be destroyed 
before they are out of their traps and free to radiate. 
Equation (10) will be significant only if the excited 
state has a reasonably long lifetime. 

Because the decay of the 7D—‘S transition during a 
quench and following deposition is independent of 
temperature, the half-lite is representative of the free, 
radiating ?D atom in the solid matrix. Since the 
quenched decays are not compound processes, i.e., 


2 C. K. Jen, in Formation and Trapping of Free Radicals, 
edited by A. M. Bass and H. P. Broida (Academic Press, Inc., 
New York, 1960). 
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simultaneous emission and retrapping of the 2D atoms, 
once the *D atom is untrapped it remains that way. 
Thermal quenching does not retrap these atoms. This 
is contrary to the process whereby the atoms were 
trapped in the first place, i.e., rapid quenching in a 
very cold molecular nitrogen matrix. In order that the 
decay be unaffected by temperature changes (cooling 
from 4° to 1.2°K or from 14°, 20°, or 27°K to 5°K) it 
would be necessary to distinguish between two types 
of ?D atoms; those which are trapped so they may not 
radiate, and those which are immobilized but still free 
to radiate. This situation could occur if there are only 
a few sites at which an excited atom is stabilized with 
respect to emission. At elevated temperatures ?P and 
2D atoms would be ejected from their traps and be free 
to radiate. When the temperature is reduced, it will be 
impossible for all the excited atoms to return to their 
traps before they are immobilized by virtue of the 
reduction in their diffusion constant. Those excited 
atoms that do not get back to traps would continue 
radiating in spite of the thermal quench. 

An alternative to the problem of two types of ?D 
atoms may be made by assuming that only the ?P 
atoms are trapped so as to be stable with respect to 
radiation and both the *D and 4S atoms are subject 
only to diffusion laws. At a given temperature a por- 
tion of the ?P atoms would leave their traps and very 
quickly become 7D atoms by emission. Since the 7D 
atoms may not be stabilized radiatively they decay to 
4S atoms and this decay would not be dependent on 
temperature. The other consideration of recombina- 
tions between excited and ground state atoms still 
apply. 

The limited data on the 8 lines indicate that much 
the same considerations apply to the behavior of ex- 
cited oxygen atoms. A detailed discussion of the 
oxygen atoms will not be attempted, but it should be 
noted that, from the positions of the maxima in the 
glow curves, the oxygen atoms are trapped very 
similarly to the nitrogen atoms. 
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The electronic energy of the system He(!S) and He(#S) was calculated as a function of nuclear separa- 
tion. This calculation differs from an earlier one by R. A. Buckingham and A. Dalgarno [Proc. Roy. Soc. 


(London) A213, 327 


1952) ] in three ways: (1) the use of a nodeless 2s function, (2) the use of an open- 


configuration wavefunction (1s1s’) for He('S) and (3) the use of orbital exponents optimized for each 
internuclear distance. The energy obtained lies approximately one volt below the earlier calculation but 
confirms it in all qualitative aspects including the presence of a “hump” at R™4ap. 


I. INTRODUCTION 

HE potential energy curve between a normal helium 

atom and a triplet helium atom He(*S, 152s) has 
onsiderable influence on the ‘‘actual” half-life of the 
triplet helium atom. The triplet helium atom is doubly 
metastable (AL=0, AS=1) and its natural half-life 
has been estimated at 10° sec.' However, in any actual 
environment its half-life is much less than 10° sec as 
a result of other destructive processes. The destruction 
is due mainly to diffusion to the wall and to metastable 
compound formation, e.g., Heo*Z(1s?, 152s). These 
processes are governed in the main by the singlet 
he]ium-triplet helium interaction energy. 

Several lines of evidence suggest that the potential 
energy curve between a normal and a triplet helium 
atom may have a hump in it. 

(1) A hump in the closely related He» !2(1s%1s2s) 
curve was postulated by Nickerson? in 1935 to account 
for a band with a sharp head lying 385 cm to the blue 
of the forbidden 602 A (1s2s—1s?) 
helium. 


line in atomic 


(2) In 1952 Buckingham and Dalgarno’ calculated 
the interaction energy for He.!Z, and He, *d, and 
found humps of 0.26 and 0.29 ev, respectively, at 
R= 4a. When van der Waals interaction was introduced 
these values were reduced to 0.146 and 0.178 ev, 
respectively, at R=4.25ap.4 


* This research was supported in part (G. H. Brigman) by 
Convair as a corporate-sponsored project, and in part (S. J 
Brient and F. A. Matsen) by the Advanced Research Projects 
Agency, monitored by the Air Force Office of Scientific Re- 
search, of the Air Research and Development Command. {yx 

1 J. S. Mathis, Astrophys. J. 125, 318 (1957). 

2 J. L. Nickerson, Phys. Rev. 47, 707 (1935). 

3R. A. Buckingham and A. Dalgarno, Proc. Roy. Soc. (Lon 
don) A213, 327 (1952). : 

*R. A. Buckingham and A. Dalgarno calculated two values of 
the proportionality constant in the van der Waal energy expres 
sion, —20 and —30X10 erg cm*. They used the arbitrary 
values —10.6 and —21.210 erg cm® in their computation 
However, the value 
calculated by Dalgarno and Kingston [Proc. Phys. Soc. (Lon 
don) 72, 1053 (1958) ] from a modified sum of oscillator strengths 
This suggests that the hump may not be as large as estimated by 
Buckingham and Dalgarno. 


30 10° erg cm® agrees closely with one 


(3) Buckingham and Dalgarno calculated’ the 
collision and diffusion cross sections from their poten- 
tial curve for the 4S atom in normal helium, In 1955 
Phelps® obtained a value for the diffusion coefficient 
which was in substantial agreement with that cal- 
culated by Buckingham and Dalgarno. In 1957 Steb- 
bings’ measured the scattering cross section for triplet 
helium in normal helium and obtained a value which 
agreed with that calculated by Buckingham and 
Dalgarno. 

(4) In 1953 Phelps and Molnar’ observed a large 
temperature dependence in both the diffusion coeffi- 
cient and in the three-body combination coefficient 
[2 He+He(*S;)—He+He.(*E,,) ] which suggests the 
existence of a hump. In 1954 Burhop® estimated the 
height of the hump from Phelps and Molnar’s work 
to be 0.115 ev at R=4.17a9 for Hee (#2). 

(5) In 1955 Phelps® observed that the three-body 
combination coefficient for helium was significantly 
lower than was observed in other cases. 

(6) The suggestion of Phelps and Molnar that there 
exists a hump in the potential energy curve for neon 
between the normal atom and the *P2 metastable atom 
that is greater than 0.0517 ev, provides a lower limit 
for the helium hump, since Phelps’ ” observation of the 
three-body collision coefficient of neon, indicates that 
the height of the hump in neon is less than that for 
helium. 

Because the existence of a hump in the potential 
curve is in itself surprising and because of the im- 
portance of the potential curve in the several phenom- 
ena discussed, it was of interest to repeat the Bucking- 
ham and Dalgarno calculation with an improved wave- 
function. 


5R. A. Buckingham and A, Dalgarno, Proc. Roy. Soc. (Lon- 
don) A213, 506 (1952). 

6A. V. Phelps, Phys. Rev. 99, 1307 (1955). 

7R. F. Stebbings, Proc. Roy. Soc. (London) A241, 270 (1957) 

8 A. V. Phelps and J. B. Molnar, Phys. Rev. 98, 120 (1953). 

*E.H.S. Burhop, Proc. Phys. Soc. (London) A67, 276 (1954). 

10 A, V. Phelps, Phys. Rev. 114, 1011 (1959) 
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Taste I. Open-shell calculation for the *2,* state of the helium molecule, using a valence-bond function and Slater orbitals. 








Internuclear 
separation 
In a.u. 


Interaction 
energy 


Total energy 
in ev® 


In ev® 


Optimized orbital exponents 


b c d 





— 136 .02259 +1.287406 
— 138 .36365 — 1.053652 
— 138 .55284 —1.242841 
— 138.29658 —0.986582 
— 137.35845 —0.048454 
— 137 .16973 +0.140265 
— 137 .11984 +0.190158 
—137.11561 +0. 194390 
—137.12761 +0.182384 
— 137.31000 0.0 


0044 
1473 1 
. 1540 

.1632 

shez 

. 1804 

.1800 

.1801 

1815 

183125 


1.6520 
.3823 
.3201 
2581 
. 1868 
. 1804 
.1799 


.9714 
-9817 
-9846 
.9865 


5431 
.5019 


.9910 
.9923 
.9929 
.1817 
. 1828 


. 188601 


.9929 
.9929 


-9940298 .56479711 








® The conversion used was 1 a.u.=27.2 ev. 


II. CALCULATION 


The Buckingham and Dalgarno (B and D) calcula- 
tion was based on the atomic functions of Morse, Young, 
and Haurwitz! (MYH). The MYH 2s function is 
orthogonal to 1s on the same atom. MYH determined 
their exponents by minimizing the atomic energies 
for the separated atoms He(!S, 1s?) and He(*S, 152s). 
Buckingham and Dalgarno employed these same orbital 
exponents for all internuclear separations. 

The present calculation differs from that of B and D 
in three respects, (a) the use of nodeless orbitals, (b) 
the use of an open-configuration wavefunction for 
singlet helium, and (c) the use of orbital exponents 
optimized for each internuclear distance. 

The wavefunction used is 


¥=(1/v2)[(¢i1—d2) — (63d) | 
aa bacedp dabacedy 
gi= ) g2= 
aBpaa Baaa 
“wean - ) 
” aBaa/l’ “= Baaal’ 


a4=(a*/r)! exp(—ara,) 


where 


ap = (a*/r)! exp(—arg) 
b4 = (b8/)! exp(— bra) 
bg = (b°/m)! exp(—drz) 
ca = (c3/2)) exp(—cra) 
cp = (8/2)! exp(—crg) 
d4 = (d°/3m)'r4 exp(—dra) 


dp = (d°/3m)'rp exp(—drg). 


ufP. M.*Morse, L. A. Young, and E. S. Haurwitz, Phys. Rev. 
48, 948}(1935). 


The exchange integrals were evaluated on the IBM 
650 at the University of Texas from programs de- 
veloped by J. Miller and J. M. Gerhauser. The remain- 
ing integrals and assembly program were run on the 
IBM 704 at Convair, Fort Worth, Texas. First the 
orbital exponents were optimized at Convair, using 
approximate values for exchange integrals by the 
Mulliken” approximation or by simply inserting 
accurate values as input data. The final calculations 


0.09-- 





THIS RESEARCH 





POTENTIAL ENERGY in Au 


3 4 5 6 7 


1 


4. 1 4 4 
INTERNUCLEAR SEPARATION In AW 








-0.02~ 


Fic. 1. Calculated potential energy curves as a function of 
internuclear separation. The zero of energy corresponds to the 
sum of the atomic energies of He(!So) and He(’S,). C. E. 
Moore, Atomic Energy Levels (National Bureau of Standards, 
U. S. Government Printing Office, Washington 25, D. C., 1949). 
Here (1) and (2) correspond to the sum of the atomic energies 
as calculated by MYH" and in this research, respectively. 


2R. S. Mulliken, J. chim. phys. 46, 500, 521 (1949). 
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at each internuclear separation were made with accurate 
values of the exchange integrals using the optimized 
values of the orbital exponents. 


III. DISCUSSION 


The results are given in Table I and Fig. 1. The 
present calculation shows a hump of 0.19 ev, in the 
potential curve at R=4.5q, similar to that of Bucking- 
ham and Dalgarno. Because the wave function we used 
is more flexible than that of Buckingham and Dalgarno, 
since it allows for radial correlation and since the 
orbital exponents were optimized for each internuclear 
separation, it provides further support for the existence 
of the hump. Neither this calculation nor that of Buck- 
ingham and Dalgarno made explicit allowance for 
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BRIENT, 


AND MATSEN 

distortion polarization (i.e., p orbitals were not in- 
cluded) so that each calculation may lie relatively too 
high in the neighborhood of the hump. See footnote 4 
for a discussion of a polarization correction. 

The dissociation energy [E(«) — E( Req) | from this 
calculation is 1.24 ev compared to 1.09 ev estimated by 
Buckingham and Dalgarno from their calculation. At 
equilibrium separation the present calculation lies 0.41 
ev below the sum of the experimental atomic energies. 
This represents a lower limit to the experimental bind- 
ing energy. 
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The Mie quantities z 
m=1.05 (0.05) 
Tu/To 


o is derived from (i) +4 


| and their sum are calculated for nonabsorbing spheres for the parameters y = 90° 

gS ) 
1.30 and a=0.2 (0.2) 25.6. The experimentally important specific scattered intensity 
+4{.)/2. The periodicities in the prominent (secondary) 7 (a) oscillations and 


in the less pronounced primary and tertiary oscillations are briefly discussed. 


I. INTRODUCTION 


HE intensity of light scattered by nonabsorbing 
colloidal and microscopic spheres, evaluated on the 
basis of the Mie theory, has been treated in several 
preceding publications for the angles y of 0°,! 45°,? 
135°,? and 180° with respect to the reverse direction 
of the primary beam. The present paper is concerned 
with lateral scattering at y=90°. Observations at this 
practically convenient angle are favored by many 
authors. In the great majority of instances, the R-G-D 
equation® has been and is being used for the interpreta- 
tion of the data. This is unquestionably permissible as 
long as (m—1)—0 and @? is not too large (<10). Ex- 
cept for these limiting cases, the Mie theory must be 
applied. The present paper is concerned with the theo- 
retical evaluation of 90° scattering on the basis of this 
theory. The parameters considered are a=0.2(0.2)25.6 
* This work was supported by the Office of Naval Research. 
1M. Nakagaki and W. Heller, J. Chem. Phys. 30, 783 (1959). 
2 W. Heller and M. Nakagaki, J. Chem. Phys. 31, 1188 (1959). 


3 See W. Heller, M. Nakagaki, and M. Wallach, J. Chem. Phys. 
30, 444 (1959). 

4a@=nD/d, where D is the diameter of the scattering spherical 
particle; and \ is the wavelength in the medium; m is the relative 
refractive index pe2/mi, where me is the refractive index of the 
particles and yw; is the refractive index of the medium. 


and m=1.05(0.05)1.30.5 This covers all possible 
contingencies which may arise with suspensions or 
emulsions of nonabsorbing spheres with a diameter 
between the limits of 0-3.3 uw (assuming the use of the 
Hg-vacuum wavelength do of 5460.73 a.u.) and with 
any relative refractive index conceivable in dispersions 
except for special very highly refractive materials. 


II. THEORETICAL QUANTITIES TO BE CONSIDERED 


The primary theoretical quantities to be considered 
are 7),, 71, and i,. They have been defined previously.’ 
From these, the practically important quantities 


(Ty. /T oc) = (3pr2 /2ralpe)is X 10-? ( la) 


( I\\/Toc)o= (3pie 2a p2)i)\X 10-2 ( 1b) 


(I,,/Ioc)o= Sp ie 2da*pe)tyX 10 2 (1c) 
were derived. Here, ¢ is the concentration in g 100g 
and 1, = (4,+4)) /2. 
The quantity on the left-hand side is the intensity 
5 All data up to a=7.0 were hand computed, the primary data 
(iy, iL) for a>7.0 were electronically computed at the Wayne 
State University Computation laboratory. ” 
6 W. Heller and W. J. Pangonis, J. Chem. Phys. 26, 498 (1957). 
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Fic. 1, Specific intensity, per unit solid angle, of light scattered at 90° from incident unpolarized li 


n=1.05. (Dispersing medium: water at 25°C; vacuum wavelength, = 5460.73 A.) 


scattered, per unit solid angle, unit path length, and 
unit intensity of the incident beam from a system 
containing 1 g of scattering material per 100 g of 
system; p2 and py are the densities of the scattering 
material and of the entire system, respectively. The 
subscript 0 outside the bracket indicates that these 
data are to be compared with experimental J/Joc data 
extrapolated to c—0. The subscripts , || indicate that 
the incident beam is linearily polarized and vibrates 
perpendicular and parallel respectively to the plane of 
observation. The subscript « applies to incident un- 
polarized light. In all three instances, the intensities 
calculated represent the total intensities scattered at 


light. I. Relative refractive index, 


=90°. The data of Eqs. (1a) and (1b) are applicable 
also to the case that the intensity of the scattered light 
is recorded after its passage through a Glan-Thompson 
prism, on using an incident unpolarized beam. In that 
case, the subscripts | and || indicate the direction of 
polarization of the scattered component selected. 

The results given here for (J/Joc)o apply to the green 
Hg line (Ao =5460.73 a.u.) and to water at 25°C as the 
medium. For another wavelength }’ 
scattered intensities of the same system 


(T/Toc)o’ = (I/Toc)o(\/X’)em- (2) 


if the dispersion corrections are negligible. 


the specific 
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TABLE I. 7 Values for an angle of observation y of 90°. 


m=1.05 m= 1.10 











.0;6864 . 07,6864 .062720 . 052720 
.0;4227 .0;4227 .0;1670 - 0192916 .041670 
05,4476 .0,1000 .0;4476 .051739 .031783 031783 
032255 .0,5290 032255 .0,9096 073374 .0,9096 
.0;7477 .071743 .037477 .003031 062980 .003031 
.001856 . 061084 .0018561 .007552 .0;1876 .007553 
.003709 035023 .0037095 .01507 .0;8886 .015078 
.006210 .0;1855 .0062185 .02500 .0,3392 .02503 
008893 .0;5703 .0088987 .03521 . 031068 .03531 
.010983 .0,1491 .0109979 .04241 032853 .04269 
.011640 -043349 .011673 . 04339 .0;6496 .04403 
.010276 .0,6526 .0103412 .03657 .001261 .03783 
.007230 . 031103 .0072403 .02282 .002093 .02491 
.003340 031641 003504 .008845 .002990 00183 
.000493 .032148 .0007070 .001707 .003705 .005412 
.000821 . 032474 .0010684 .01134 004053 .01539 
.005970 .0;2560 .0062260 .04333 .004034 .04736 
.01613 . 032442 .0163742 .09430 .003853 09815 
.02941 032300 .0296400 . 15032 .003848 . 15416 
.04216 .0,2361 .0423961 .19112 -004416 .19553 
.05010 0.2852 .050385 .20218 .005815 . 20799 
.05012 033940 .050514 . 18037 . 008442 . 18881 
.04162 035624 .042182 . 13032 .01203 . 14235 
.02714 03,7833 .027923 .06877 .01618 .08495 
.01180 .001017 .012817 .02220 .02011 .04231 
.00203 .001221 .003251 .01845 .02292 .04137 
.00363 .001353 004983 .07669 .02405 . 10074 
.01955 .001386 .02093 .19501 .02370 . 21871 
.04745 .001342 .04879 . 34252 .02283 . 36535 
.O80853 .001271 .08212 .47273 .02286 .49559 
. 11142 .001272 . 11269 .53178 .02544 .55722 
.12545 .001425 . 12687 .49898 .03110 .53008 
. 11841 .001761 .12017 . 38400 .03971 .42371 
.09175 .002265 .09401 . 23076 .05014 . 28090 
.05459 .002920 .05751 09881 .06009 . 15890 
.02072 .003450 .02417 .04774 . 06804 .11578 
00435 .003783 00813 . 12069 .07200 . 19269 
.01491 003945 .O1885 . 32568 .07262 . 39830 
05379 003881 .05767 .61171 .07136 . 68307 
.1140 .003730 ah iy a . 88784 .07096 . 95880 
.1789 .003615 .1825 .05539 .07458 . 12997 
. 2267 .003768 . 2304 .04747 .08455 . 13202 
. 2400 .004279 . 2442 . 86543 .10114 .96657 
.2131 .005251 .2183 .57585 .12133 .69718 
.1538 .006447 .1602 .29171 .14181 -43352 
0828 .007493 .0903 . 13607 .15875 . 29482 
.0277 .008437 0361 .19976 . 16764 . 36740 
.0122 008903 0211 ° .49964 . 16965 66929 
0489 .009018 .0579 .95884 . 16633 22517 
.1330 008651 .1417 .43931 . 16393 . 60324 
. 2400 . 008204 . 2482 .77747 . 16871 .94618 
3383 008059 .3464 .85205 . 18447 03652 
.3952 .008595 .4038 .62936 . 21189 . 84124 
3906 .009811 .4005 . 18312 . 24954 .43266 
. 3234 .011285 .3347 .68268 . 28845 .97113 
.2149 .013586 . 2285 . 34574 .32055 . 66629 
. 1036 .015731 .1193 35081 68916 
.0336 .017265 .0508 .74491 : 08645 
0406 .018044 0586 .42213 . 33443 75656 
1303 .017659 .1479 16180 . 32638 48818 
. 2813 .016941 . 2982 72429 .32792 05221 
.4464 .016138 .4626 93014 . 34485 27499 
.5728 .016014 . 5888 . 70368 . 38789 09157 
.6177 .016069 6338 10289 .44994 55283 
. 5659 .01820 . 5841 34272 . 51904 86176 
.4318 .02123 .4531 . 74505 . 58054 32559 
2577 .02499 . 2827 .61074 9.61835 22909 
.1100 .02853 .1385 .07601 .62745 70346 
.0490 .03099 .0800 .02051 .61435 . 63486 
.1095 .03167 .1412 .11270 . 59368 . 70638 
. 2855 .03119 .3167 .98522 .57946 56468 
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TABLE I.—Continued. 














m=1.05 m=1.10 


t (t1 +t) L | ij 





.5254 0.03005 0.5554 
.7514 0.02709 .7784 
.8874 0.02686 .9142 
. 8868 0.02852 .9153 
.7447 0.03234 .7770 
.5133 0.03730 .5506 
2135 0.04269 .3162 
.1110 0.04724 . 1582 
.0955 0.05011 . 1456 
.2514 0.05068 .3021 
.5432 0.05012 .5933 
.8822 0.04656 .9287 
. 1544 0.04411 .1985 
. 2596 0.04478 . 3044 
. 1699 0.04864 . 2186 
.9055 0.05473 .9603 
.5661 0.06191 .6280 
. 2693 0.06896 . 3382 
.1295 0.07369 . 2032 
.2116 0.07623 . 2878 
. 5062 0.07251 .5787 
.9336 0.06958 0032 
. 3509 0.06716 .4181 
.6288 0.06650 6953 
.6603 0.07011 . 7304 
.4344 0.07761 .5120 
.0250 0.08731 . 1123 
.5786 0.09786 .6764 
. 2656 0.10668 .3723 
. 2088 . 10591 .3147 
.4491 . 10419 .5533 
.9209 . 10103 .0219 
.4760 .09571 .5717 
.9385 09308 .0316 
.1498 .09527 2420 
0405 . 10388 1444 
.6339 .11718 7511 
.0699 .13185 .2017 26606 
.5547 . 14051 .7012 35546 
. 2929 .15085 .4437 .87424 
.3970 . 14766 .5446 .76120 
. 8473 . 14337 .9906 .02552 
5154 .13520 6506 5.05992 
1793 .12959 3089 2.12378 
6179 .12817 7400 8.41241 
6839 . 13499 8188 5.56499 
3463 .14851 4948 . 83794 
.7262 .16875 .8959 .54721 
.O288 . 18240 atta . 12403 
.5170 .19534 .7123 .52500 
. 3845 . 19954 .5840 8.40087 
.7281 .19673 .9248 .45165 
4483 . 18860 .6369 . 76440 
RES . 18106 4943 .44723 
.0260 . 17568 2016 .83821 
. 3478 .17798 5258 7.96878 
. 1679 0.19085 3587 .51798 


. 36529 
14046 
37764 
32448 
38159 
.01396 
.49245 
.72041 
. 26882 
60328 
. 28767 
.12133 
15112 
69949 
30586 
59595 
99371 
47078 
54769 
51772 
73311 
79236 
604317 
68788 
66877 
45224 
63845 
27766 
. 86805 
.61236 
.59597 
2.14842 
.97488 
47246 
65177 
72836 
55328 


. 59809 
.65274 
. 74197 
. 85076 
.95257 
.02533 
.05702 
.04683 
.01450 
97858 
98758 
. 04741 
. 16281 
. 30840 
.40154 
. 58091 
.64238 
- 64853 
.60708 . 15477 
.56673 .08445 
. 56780 .30091 
.63482 .42718 
76853 .41117 
.95380 64168 
15134 82011 
31545 76769 
-41411 05256 
42294 .70060 
39525 . 26330 
.356055 .96891 
35979 3.95576 
.44288 .59130 
.61112 . 58600 
.84703 .31949 
.09553 8.74730 
30055 .02891 
. 39680 95008 
.43290 8.69896 
40510 . 76056 
. 36842 5.24266 
38450 §. 14570 
48783 .51335 
70661 8.76653 
00953 .13331 
535 2.74776 
.12938 
.57254 
.31134 

. 84876 
.19615 
23.07422 
5.24622 
24.82282 
21.88929 
.69068 

. 15153 
2.92102 


96338 
79320 
11961 
17524 
33416 
03929 
54947 
76724 
28332 
.58186 
a2toee 
. 16874 
.31453 
00789 
76740 
17686 
63609 
.11931 
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m=1.15 m=1,20 


0.5968 .0.5968 .0;1039 0.01000 .0;1039 
.043705 0.051638 .0,3705 .0,6482 0.05062 .0,6482 
. 0.3989 0.0,9178 . 0.3989 .0;7036 0.0;2979 .0;:7036 
.002051 0.061656 .002051 .003665 0.05432 .003665 
.006892 0.0;1595 - 006893 .012350 0.0;5279 .012355 
.017227 0.0,1009 .017228 .03094 0.0,3494 .030974 
.034258 0.0,4983 .03430 .06124 0.0,1748 .061414 
.056219 0.031876 .05640 .09919 0.0;7062 .099896 
.077697 0.0;6345 .07833 . 13432 0.002364 . 13668 
.091145 0.001732 .09287 . 15334 0.006570 . 15991 
.089924 0.003967 .09389 . 14587 9.01500 . 16087 
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TABLE I.—Continued. 


(ti +7 
).071704 .007592 0.07935 0.10925 0.02783 0.13708 
.041573 .012127 0.05370 0.05829 0.04204 0.10033 
.013728 .016392 0.03012 0.02131 0.05301 0.07432 
010693 .019087 0.02978 0.04561 0.05785 0.10346 
.054796 .019808 0.07460 0.16709 0.05754 0.22463 
. 151749 .019252 0.17100 0.36862 0.05498 0.42360 
.277719 .O18890 0.29660 0.57392 0.05787 0.63179 
. 38639 .02551 0.41190 0.70223 0.06946 0.77169 
.43866 .026140 0.46480 0.72602 0.09672 0.82274 
.42011 .037264 0.45737 0.64209 0.14392 0.78601 
.33578 .054438 0.39021 0.47281 0.20846 0.68127 
. 211954 .075963 0.28791 0.26936 0.27726 0.54662 
.095485 .097543 0.19302 0.13972 0.33130 0.47102 
.054607 . 113821 0.16842 0.23083 0.35405 0.58488 
. 154403 .121189 0.27559 0.61753 0.35293 0.97046 
.40799 . 119989 0.52797 . 17969 0.33718 1.51687 
. 74547 .115617 0.86108 . 66400 0.33254 1.99654 
.042209 .115377 1.15758 . 88491 0.36092 2.24583 
.174956 126762 1.30171 81463 0.43946 2.25409 
. 106980 154384 1.26136 .52350 0.57180 2.09530 
.875155 198608 1.07382 .09596 0.74118 1.83714 
. 563488 253916 0.81740 64909 0.91045 1.55954 
), 28481 . 28465 0.56946 42739 1.03607 1.46346 
.1769 3514 0.5283 . 7362 1.0871 
3671 .3730 0.7401 .6044 1.0729 
8769 .3750 2519 .6544 1.0265 
5446 .3665 9111 4205 1.0033 
1174 3629 4803 6803 1.0590 
3807 3819 7626 4417 1.2252 
.2558 ~4345 6903 8244 1.4964 
8006 5210 3216 O88? 1.8250 
.1812 6302 8114 1986 2.1363 
.6352 .7359 3711 .9604 2.3464 
.4276 .8187 2463 7049 2.4081 
.7628 .8596 6224 1803 3447 
6211 8629 4840 6853 
mf bs) .8466 5621 6999 
.6451 8415 4866 0262 
0973 .8773 .9746 6481 
9352 9714 .9066 6265 09. 
2122 .1232 3354 1641 3.6310 .7951 
724 3050 4774 8850 4.1110 5.9960 
2361 .4836 7197 .7546 4.3553 6.1099 
9014 .6132 5146 0015 4.3377 7.3392 
.4354 .6679 .1033 9781 $.1505 9.1286 
7070 .6616 3686 9402 3.9712 10.9114 
2555 .6272 8827 ~ 4060 3.9471 12.3531 
5874 .6183 2057 0602 $. 1698 13.2300 
3168 6798 9966 .6500 4.6935 13.3435 
1955 .8427 0382 .9674 5.4438 12.4112 
1941 .0966 2907 3802 6.2382 10.6184 
6328 4026 .0354 4922 6.7784 9.2706 
1731 6668 8399 5692 6.8936 9.4628 
6541 . 8366 4907 2147 6.6561 10.8708 
4432 8828 3260 .5868 6.3148 12.9016 
1837 8385 0222 .2631 6.0983 15.3614 
1991 .9094 . 7864 6.1557 17.9421 
9390 6917 3285 6.6399 19.9684 
.0159 . 8694 .7460 7.5541 20.3001 
0526 . 1647 .3258 8.6982 18.0240 
3432 8091 9.5578 14. 3669 
. 5598 5498 9.7792 12.3290 
. 7989 0234 9.4477 12.4711 
. 2537 0214 8.9588 13.9802 
.3174 0412 8.5988 16.6400 
.4459 .1259 8.4901 20.6160 
.8780 6846 8.8595 25.5441 
. 1232 .5016 9.8488 29 3504 
.8149 7.0956 11.3049 28.4005 
7.4745 9.6705 12:55 
1 


5519 22.2224 
.4422 3.7045 8592 16.5637 
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LIGHT SCATTERING OF COLLOIDS: 


TABLE I.—Conlinued. 





.8231 6.1043 13.9274 .0149 . 2856 .3005 
.7980 6.6067 11.4047 .9866 .5074 4.4940 
3.7900 6.8221 10.6121 5.5055 0020 5075 
5.1601 6.7561 11.9162 . 9604 . 8444 . 8048 
3.0228 6.5331 14.5559 .8831 2350 28.1181 
1.3578 6.3264 17.6842 .5446 3530 .8976 
4.4846 6.2869 20.7715 . 2523 0840 . 3363 
.7736 6.5288 23.3024 yo .5572 32.8287 
7.0984 7.1042 24.2026 .8104 5.7652 22.5756 
5411 7.9201 22.4612 .9412 . 8040 . 7452 
.8963 8.7290 ~ 18.6253 . 3099 .6783 .9882 
5.8815 9.2789 15.1604 2.7285 3.0334 5.7619 
6851 9.4424 14.1275 . 2957 .8791 .1748 
.4497 9.3077 15.7574 3.8854 3741 7.2595 
.1395 9.0407 19.1802 5.9692 . 8402 . 8094 
. 7060 ' 8.8385 23.5445 34.1379 .9965 51.1344 
. 3052 8.8555 28.1607 25.8621 . 5906 .4527 
.6001 9.2345 31.8346 .6033 . 2708 .8741 
22.5976 9.9593 32.5569 3.3616 .5577 .9193 
5.0999 10.8845 28.9844 .6796 .9701 5.6497 
3033 11.6839 23.0472 .7335 . 2764 .0099 
4028 12.1494 18.5522 2.7670 . 3023 7.0693 
5.1714 12.2555 17.4269 .0167 . 2048 .2215 
.4137 12.1319 19.5456 3.2142 . 3398 .5540 
. 2389 11.9612 24.2001 38.5563 .1519 58.7082 
7861 11.9098 30.6959 33.1283 21.5615 54.6898 
.7404 12.1160 37.8564 7411 .0369 36.7780 
. 2753 12.6671 42.9424 . 1809 7.1857 3.3666 
5.6556 13.4633 42.1189 . 8032 L 2 .9269 
8178 14.2366 35.0544 . 3706 i d .8158 
. 8993 14.7187 26.6180 5611 ys . 2850 
. 3836 14.9251 21.3087 .4041 soaee .7278 
. 3229 15.0212 20.3441 3.0665 .6708 37.7373 
.1744 15.1382 23.3126 .0037 5 ay | .7321 
4.5423 15.3026 29.8449 36.9576 .852 .8105 
.0521 15.6041 39.6562 . 2659 21.038 .3039 
34.3328 16. 1563 50.4891 . 2766 .3578 5.6344 
. 2890 16.8123 56.1013 .6333 3.7796 .4129 
.9650 17.3536 51.3186 .5845 3.3435 5.9280 
22.1853 17.5561 39.7414 . 0637 0948 5.1585 
.6965 17.5162 29.2127 .6543 SZ .1757 
. 0642 17.5099 23.5741 2.3230 47 33.7979 
. 3287 17.7844 23.1131 36.8179 (i . .4807 
0606 18.3145 27.3751 38.0883 . .7291 
.7901 19.1112 36.9013 21.6418 RA 43.1760 
31.3147 20.0814 51.3961 .8393 52 25.3345 


Nh dor 
PPS2-T7- 


m=1.25 


.051585 0.0;,1000 .051585 . 052228 ; 
.0,9948 0.051296 .0,9948 . 031405 031405 
.001089 0.077398 .001089 021552 021552 
.005702 0.051373 .005703 028187 .0;2940 .008189 
.019406 0.041364 .019419 .02804 .0,2980 .028069 
.048688 0.0,9205 .048780 .07038 . 032062 .07058 
.095741 0.034746 .096215 . 13732 0.1097 . 13841 

. 15283 0.001982 . 15481 21572 0.4744 . 22046 
. 20255 0.006828 . 20937 0.27965 .01681 . 29646 
. 22499 0.019223 . 24421 . 30238 .04751 . 34989 

. 20647 0.043151 . 24962 . 26787 . 10289 . 37076 
. 14766 0.076081 . 22374 . 18183 . 16889 .35072 
.07310 0. 10684 .17994 .08977 . 21825 . 30802 
.04239 0.12497 . 16736 .09692 . 23769 . 33461 

. 13604 0.12871 . 26475 . 31580 . 23421 . 55001 
. 38292 0.12487 .50779 . 70083 . 22508 .92591 
. 69094 0.12419 .81513 .04696 . 23660 . 28356 
.92437 0.13923 . 06360 . 24793 .29178 .53971 
.02592 0.18492 . 21084 . 32346 .42569 .74915 
.99876 0.27612 . 27488 . 26739 .65796 .92535 
. 84508 0.41483 . 25991 .04010 .95197 .99207 
.58512 0.57399 .15911 .68613 1.21200 .89813 
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TABLE I.—Continued. 


.47423 
.81947 
67130 
41525 
76348 
90712 
.02218 
.92741 
33098 
546608 
58243 
62159 
6241 
1709 
5978 
3025 
0541 
7087 
.7291 
3364 
8536 
8364 





. 32865 
.31621 
~15797 
Sii2 
15993 
.461061 
.4007 2 
. 26834 
. 88101 
. 29662 
.85495 
16008 


7 37 


. 70536 1.03401 
. 76843 1.08464 
. 76305 
.72013 
. 70009 
. 74769 
.90528 3.36000 
. 18581 3.45415 
.55336 3.43437 
.92354 3.22016 
. 18100 3.03595 
. 27264 3.43872 
.1803 .4540 
0231 5.4873 
9553 ie PY 
OSO8 .5328 
4592 .8471 
0443 .1323 
7473 0916 
3917 .6019 
7251 .4539 
6405 . 2982 
2887 8.4890 
9707 .4253 
8716 .1917 
1553 .0498 
8539 2.0807 
.9484 7314 
1714 9931 
9521 5712 
.9162 .3424 
8234 2603 .0837 
6020 .5387 .1407 
. 2948 J5373 .4321 
0502 .1573 
.9413 .7911 
.8445 . 2190 
0425 1638 
3.9422 .5782 
.5098 
.3123 
.1945 
5.4766 
8.2178 
5. 8014 
.5847 
.6104 3.2230 
5.4578 .9953 
.1280 4.4903 
6817 2.1533 
.8559 sg200 


4.6297 4021 


1.82930 
2.18101 
95128 
63064 
02736 
41144 
98418 
50430 
55708 
23995 
39764 
19586 
.8561 
aeno 
9323 
.9119 . 2144 
.8212 .8753 
0079 .7166 
.1025 8316 
.5072 8430 
9881 .8417 
.0734 .9098 
5010 . 1580 
5011 . 2822 
9916 3.8922 
2150 7.9554 
seat .5768 
.3143 7.8754 
9342 4.2376 
6088 2.5622 
8295 .6815 
8551 . 7824 
4669 3.4972 
.8242 8.4622 
6097 7.2091 
9549 31.8567 
.1710 3.9691 
8857 . 2310 
.8637 3.3777 
.4923 .7279 
.9656 
.4218 
3845 
1949 
5076 
7.1867 
4008 
7266 
.0670 83 9853 
.8534 3043 .1577 
. 4900 738 2289 
7.6606 a. 7605 
.6957 . 1047 8.3730 8. ; 5390 
7.7463 .9102 Forel 24.3225 8352 
.1052 3.2898 .395 2987 21.6304 27.9291 
.1733 . 5666 ay 3.5527 4.0615 17.6142 
. 6066 7.8286 5 .6562 12.5972 
.2216 5.9007 .4119 11.0458 
.1189 3.4259 .8559 11.0498 
.1814 2.2780 : .5326 17.6710 
.8855 7654 .6509 .6469 8.9753 45.6222 
.4172 .8550 .2722 33.4138 27.9071 61.3209 
.6898 4173 1071 .5878 29.2558 40.8436 
34.0939 8324 +5263 . 1363 5.6197 24.7560 
3.9081 . 3820 . 2901 5.4528 3 8842 17.3370 
. 2875 4043 .6918 3163 5. 7862 15.1025 
.3971 5.1264 Bye ke 3.8325 .5221 13.3546 
.5396 . 2478 . 7874 .5601 .3447 13.9048 
24. 
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LIGHT SCATIEERING OF COLLOIDS: I= 


TABLE I.—Continued. 








(tL +4) Li (iL+i)) 





= 


20.4464 8595 37.3059 .8148 21.8814 31.6962 
41.3149 2.1088 3.4237 .1157 7.5725 20.6882 
23.4432 6063 .0495 14.7524 5.8966 20.6490 
7.9396 8.5894 26.5290 .4154 6.8906 20.3060 
4.6097 2.1024 .7121 .9748 9.5687 19.5435 
4.8491 .7779 .6270 .3142 15.1488 21.4630 
4.1357 1274 .2631 7.0358 25.7719 42.8077 
1.8454 -5153 3.3607 5. 7157 47.3757 63.0914 
3.0697 0361 .1058 2431 41.1024 47.3455 
21.5203 21.4679 2.9882 .7700 8.7705 18.5405 
40.6475 8746 .5221 .0380 4.3831 20.4211 
18.9420 28.1382 .O802 .7438 5.0106 25.7544 
8.4095 5.0259 3.4354 .0384 6.5468 29.5852 
7.4561 7.9592 5.4153 .8871 10.8548 30.7419 
9.2793 . 8960 51753 .0780 19.5256 37.6036 
10.1136 8841 .9977 .0463 38.9780 51.0243 
7.2451 .7336 7.9787 9758 71.9577 74.9335 
5.0311 Y Pn. . 7566 . 1654 14.7853 17.9507 
27.5509 50.8050 .7533 5.3796 14.1329 
39.9672 .0154 . 7645 6.0384 22.8029 
7.3015 . 3956 7406 6.0561 31.7967 
.7978 _ aSi7 .6064 8.2197 40.8261 
4.6081 .5818 .8366 13.5129 51.3495 
.5640 3.4774 .0870 26.6022 40.6892 
17.4849 5.9141 . 3990 .6012 68.7152 be 
16. 2592 0989 3581 8338 30.7952 31. 
11,9525 s. 8586 8111 . 3435 7.9714 9... 
19.8386 35.8549 55.6935 


9747 9.6031 15.577 
14.1205 49.6449 . 7654 .0307 8.7466 23. 
7.0364 ’ 7 27.1181 


0538 9.4696 39.5 

7.4977 Saat 2.8750 3483 11.6951 56. 

11.4768 . 3038 . 7806 7612 18.4599 94, 

17.4146 3.432 . 8467 6612 42.6280 50. 
24.5994 207 29.8164 2460 69.4909 76.7369 
28.4880 eoGs 8460 5290 10.0795 11.6085 
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Ill. RESULTS The @ values at which the error in a reaches 5% is of 


1. General course somewhat higher. (This will be discussed in 
a ; ee: a more detail elsewhere in connection with a special 
lable I gives the individual values of 7,, iy and the scrutiny on the practical limits of applicability of the 

sum (7,-+7);). One-half of the latter value, 7,, is used Rayleigh theory.) 

Numerical and graphical data of (J\;/Ioc)o and 
(11/Toc)o may readily be calculated from the primary 
data given in Table I. Their consratideion, in addition 
to that of (J.,/Toc)o is helpful in reducing the multi- 
valuedness of answers on particle size at a values 
larger than those specified above. 


in the calculations of the practically important quantity 
(I,,/Toc)o. The variation of (J,,/Zoc)o with a is considered 
in Figs. 1-3 for various m values. It is, at the limiting 
m values of 1.05 and 1.30, monotonic up to an a value 
of nearly 1.70+0.05 and 1.60+0.05, respectively. At 
these a values, the first maximum occurs. On using the 
green H¢g line for the incident beam (5461 a.u.), the limit- 
ing particle size above which answers become multi- TaBLe II. Limiting a value, a, at which 7, computed from the 
valued is, therefore, defined by a diameter of slightly Rayleigh equation differs by 5° from the true (Mie) i, value. 
more than } yw. At larger a values the scattering spectra‘ relative refractive index.) 


or additional light scattering quantities must be con- ae ve Cane? 
sidered in order to obtain single-valued answers on 
particle size. Although the monotonic section of the 
curves resembles the curve expected on the basis of the 
Rayleigh theory (where i is proportional to a‘), a 
satisfactory quantitative agreement is limited to a 
values<1.0. The @ value at which the difference be- 
tween the Rayleigh 7 values and the Mie 7 values has 
reached 5% is given, for various m values, in Table IT.’ 





7 These data were calculated by Mr. Herbert Doppke in this 
laboratory. 
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PARAMETER | m 


e 1.10 
e 1.15 


e 1.20 


rle, of light scattered 


2. Remarks on the Periodicities in the i(a) and 


L/I 


>)o(a) Curves 


riking feature of the z(a) curves and of 
rived curves in Figs. 1-3 is the periodic variation 
of the light-scattering quantities between maxima and 
minima. As already stated previously,’ the period is 
surprisingly constant. The Aa interval between suc- 
cessive maxima and also between successive minima of 
1, is 2.22, 2.16, 1.96, and 1.92 at m=1.00, 1.05, 1.20, 
and 1.30, 


tor 2 


i most st 


respectively. The interval is virtually the 
, but slightly different for 7;;.2 Both the lo- 
terms of a, of the first maximum and the 
intervals are numerically the same for the experi- 
mentally observed quantity, the intensity of the 
scattered beam relative to that of the incident beam, 
[/I provided that the concentration c is small 


3M. Nakagaki and W. Heller, J. Chem. Phys. 32, 


same 
cation, in 


835 (1960). 


at 





ht. II. Relative refractive indices 


ident unpolarized lig 


enough to exclude minor shifts in the characteristic 
values due to multiple scattering. Except for the first 
three maxima, this identity applies also to the derived 
limiting quantity (J/Joc)»® which is free from com- 
plications due to multiple scattering. Considering 
for example m=1.20, the first maximum in (J/J0¢)o 
occurs at a=1.60 while that of 7 occurs at a=2.1. At 
the fourth maximum (a=7.7 as compared to a=7.8), 
the difference has already become inconsequential and 
is practically nonexistent at still higher orders. 

*A mathematical identity between i maxima and (I/J0c)o 
maxima is, of course, not possible since the latter quantity varies 
in direction proportion to a’, while i and [/Jo are proportional 
to a. However, the rate of change of i with @ is so strong, even in 
the immediate neighborhood of a maximum and minimum, that 
the differences are too small to exceed the Aq@ interval of 0.2 used 
for the computations except for the maxima of the first, second, 
and third orders. (Because of the smallness of ¢ at the minima, 
the differences are not detectable for the minima of any order 
including the first-order minimum.) 
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1G. 3. Specific intensity, pet 


While the periodicities just discussed are the most 
striking, they are not the only ones to occur in the 7 
(a) and (I/Jc)o(a) curves. The average values of 7, per 
period, should increase with a@ and those of (J/Toc)o 
should decrease with increasing a@ approaching the 
value zero as a—o. This general trend is quite un- 
mistakable from the tabular and graphical material 
presented. It is equally apparent, however, that this 
general trend is complicated by oscillations or undula- 
tions of comparatively large period. Such oscillations of 
comparatively long periods have previously been ob- 
served also for scattering at an angle y of 0° and 45°. 
The long period oscillations in the present case may 
best be discussed by means of the (J/Joc)o(@) figures 
remembering that the same conclusions could be drawn 
from the 7 (a) data in spite of the difference in aspect 
of such alternate curves. It is convenient and sufficient 
to consider, instead of the average values per period, 
the variation of the maximal and minimal values, re- 





r unit solid angle, of light scattered at 90° from incident unpolarized light. III. Relative refractive indices: 


spectively, as a function of a. The former decrease 
steadily with increasing a, if m=1.05, but—in view of 
the following—there is little doubt that they will reach 
a minimum at a>25. This minimum is actually found 
for m=1.10 at a=15+2. At m values in excess of 1.15, 
these minima degrade into curve inflections at still 
lower a values. The minimal values of (J/Joc)o exhibit 
similar oscillations or undulations. At m=1.05, the 
minimal values increase very slightly with increasing 
a and, most likely, reach a maximum at a>25. At 
higher m values, these maxima in the minimal values 
are actually observed within the a range investigated. 
They are located at the a values 16+1, ~7 and ~4 
for an m of 1.15, 1.20, and 1.30, respectively. Like the 
minimal values of the maxima, the maximal values of 
the minima shift therefore rapidly towards smaller e 
values as m increases. It is significant that the maximal 
values of the minima and the minimal values of the 
maxima occur at the same a values. Associated with the 
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long period oscillation or undulation is, therefore, a 
periodic change in the amplitude of the short period 
oscillations discussed in the preceding paragraph (see 
particularly the curve for m=1.15 and m=1.20). 

At m values >1.20, a third (“tertiary”) type of 
structuration (oscillation or undulation of ultra-short 
period) is indicated although not clearly revealed in 
addition to the prominent short period oscillation of 
large amplitude (secondary structure) and the com- 
paratively long period oscillation or undulation of 
rather small amplitude (primary structure). This third 
type of structuration is indicated, particularly at 5< 
a<10 and at a>18 provided m>1.20. While it gives 
to the prominent secondary oscillations merely the ap- 
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pearance of unharmonicity of nonrepeating pattern, if 
m=1.25, the resolution at m=1.30 is sufficient to re- 
veal shallow “tertiary” maxima and minima. The 
compilation of the light scattering functions at Aa 
intervals of 0.2, while sufficient for all other purposes, 
was clearly not sufficient in order to resolve the details 
of this tertiary structure. The presence of this tertiary 
structure had not been found in the previous investiga- 
tions of lateral light scattering functions as reported 
within this series (1-3). This, however, may be due 
only to the fact that m values larger than 1.20 had not 
been considered for the other angles. It is apparently 
only at higher m values that the tertiary structure 
becomes apparent. 
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Theoretical Investigations on the Light Scattering of Colloidal Spheres. X. “‘Scattering 
Ratio” and Depolarization of Light Scattered at an Angle of Observation of 90°* 
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The scattering ratio o for nonabsorbing spheres and for an angle of observation y of 90° is calculated from 
data given in the preceding publication [J. Chem. Phys. 34, 960 (1961), Paper IX, this issue ], for m=1.05 
(0.05) 1.30 and a=0.2 (0.2) 25.6. The scattering ratio represents the ratio of the total intensities scattered 
from a linearly polarized incident beam vibrating once parallel and, subsequently, perpendicular to the plane 
of observation. In the present instance of spheres, the results are identical with the depolarization in in- 
finitely dilute systems. The experimentally attractive features of ¢ measurements are pointed out and the 
precautions to be observed for useful application of the theoretical data are enumerated. The periodicities in 
the o (a) curves due to the primary, secondary, and tertiary undulations in the basic (a) functions are 
briefly discussed with particular emphasis upon selecting conditions of optimum sensitivity of the method 
for particle size determinations, characterized by an error of not more than 1—3 A in particle diameter in 


monodisperse systems. 





INTRODUCTION 
EASUREMENTS, at a single angle y' and at 
a single vacuum wavelength A» of the light 
scattered from an incident unpolarized beam, can be 
translated into particle weights or molecular weights 
after converting the experimental data into absolute 
data by means of an instrument constant. This con- 
stant depends on and varies with (a) the reflectivity 
losses of primary and scattered beam at and in the 
scattering cell, respectively, (b) the geometrically ef- 
fective part of the irradiated volume, (c) the effective 
solid angle of the scattered radiation received by the 
recording device, and (d) the anisotropy of the photo- 
sensitive surface of the recording photocell. The need 
for this instrument constant is a practical inconveni- 
ence although its empirical determination by various 
available methods? is relatively easy. Light scattering 
measurements at two (dissymmetry measurements) 
or more angles, in the form of ratios, require far smaller 
“corrections” since the instrument constant is here de- 
fined by the angular variation of the first three factors. 
Still, it is large enough so that it cannot be neglected. 
By contradistinction, the measurements of intensity 
ratios at a single angle y may eliminate the need for 
an empirical instrument constant entirely and thus 
provide a theoretically attractive means of absolute 
particle size (molecular weight) determinations from 
light scattering. There are two possibilities: (1) the 
measurement of scattering at two or more wavelengths, 
(2) the determination of scattering obtained from a 
linearly polarized beam whose electric vector forms, in 
* This work was supported by the Office of Naval Research. 

t Present address: Film Dept., E. I. DuPont de Nemours & 

Company, Experimental Station, Wilmington, Delaware. 


t Present address: Physics Department, University of Thessa- 
loniki, Greece. 

1y is the angle between the direction of observation and the 
reverse direction of the incident beam. 

2 They are briefly reviewed by R. Tabibian and W. Heller, 
J. Coll. Sci. 12, 25 (1957). 


successive experiments, two (or more) angles with the 
plane of observation. (Very powerful, for analytical 
reasons, is a combination of these two methods, i.e., 
the spectral investigation of intensity ratios.) In these 
ratios, factor (b) cancels out completely in a well- 
constructed scattering apparatus. Factor (a) can here 
be neglected since its ratio will have the value 1.0 
for y=90°. Factor (c) enters only if, and to the extent 
as, the rate of change of the two light scattering quanti- 
ties with solid angle differs. Factor (d), finally, if 
consequential, can be determined easily or eliminated 
by selecting the proper azimuth in the installation of 
the recording device. Ratio measurements have, in 
addition, quite generally, the following advantages: 
(1) The concentration of the dispersed system or solu- 
tion does not enter explicitly. This eliminates an im- 
portant source of error which, in general, overshadows 
the error introduced by the measurement of a second 
optical quantity; (2) the concentration dependence of 
scattering is reduced to the much smaller concentration 
dependence of ratios, which, in general, leads to far 
more secure extrapolations to zero concentration. 

The spectral method referred to will be discussed in 
a later paper. This paper deals with intensity ratios ob- 
tained with monochromatic polarized light. In view of 
the general preference of y=90° for particle size and 
molecular weight determinations in “single angle” 
measurements, this angle will be considered. There are 
two possibilities of approach. An unpolarized incident 
beam is used and an analyzing prism is inserted in the 
scattered beam. The first measurement is carried out 
with the plane of polarization parallel to the plane of 
observation and the second with the former perpendicu- 
lar to the latter. This is the classical method of de- 
polarization measurements. An alternate possibility is 
the use of a linearly polarized incident beam vibrating 
once parallel to the plane of observation and, in a 
second experiment, perpendicular to it. No analyzing 
prism is inserted in the scattered beam. This method 
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yields the “‘scattering ratio.”* The latter arrangement 
deserves preference for experimental reasons discussed 
elsewhere.’ The theoretical data are, as will be seen, 
applicable to both procedures if the scattering particles 
are isotropic spheres. The data to be reported here are 
derived from the individual Mie-data given previously* 
for y=90°, a=0.2(0.2) 15.2 and m=1.05(0.05) 1.30, a 
and m having been defined previously (e.g., footnote 4). 


I. DEFINITIONS 


The depolarization of light scattered at y=90°, as 
defined by Gans,° is 


6=0.5 J. (J = mf ie (1) 


Here, J is the intensity, in ergs cm™ sec™', of the 
radiation scattered by one sphere from incident un- 
polarized light. The subscripts | and || indicate that 
the electric vector of the scattered light vibrates per- 
pendicular and parallel, respectively, to the plane of 
observation and the subscript « identifies that portion 
of the scattered light which represents natural (un- 
polarized) light. The quantity @, therefore, represents 
the intensity of the “depolarizing” component in the 
scattered light relative to that of the excess polarized 
light. The term depolarization was introduced in order 
to express numerically the deviation of scattered light 
in a given system from the state of complete polariza- 
tion expected at y=90° from Rayleigh spheres (J,;=0) 
in absence of multiple scattering. On considering J;; as 
the depolarizing component which is customary and 
justified, without qualification, as long as J;;<J_: 


@=J Ji-J ) (la) 


Another definition of depolarization, also introduced 

DY Gans,® 
A= 

has found more general acceptance. An alternate 
designation of the latter ratio is “polarization ratio,” a 
term introduced by LaMer and associates.® The latter 
term is preferable if this ratio is used as a criterion of 
particle size at angles y other than 90°, as done by 
these authors, since the ratio is then finite even for 
Ravleigh spheres. 


Since it is, for many purposes, more interesting to 


have a quantitative measure for the excess of polarized 
light rather than the excess of unpolarized light’ in the 


°’W. Heller and R. Tabibian (to be published elsewhere). 

‘W. J. Pangonis, W. Heller, and N. A. Economou, J. Che: 
Phys. 34, 960 (1961). 

®R. Gans, Phys. Z. 28, 661 (1927). 

€D. Sinclair and V.’K. LaMer, Chem. Revs. 44, 245 (1949), 

nd a series of later papers by La Mer and co-workers; see also 
M. Kerker, J. Colloid Sci. 5, 165 (1950), and later papers. 

7The most direct formulation of this excess would be the 
“degree of naturalization” 

N=2I4/(JptJ4 


representing the ratio of unpolarized to’ total scattered light. 
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laterally scattered beam, it is useful to recall the 
definition of the “degree of polarization,”’ 


Pye =(Ja—-Ji)/(Sat+Ji); (4) 


4/ 


introduced by Mie.’ The quantities defined are, of 
course, easily interconvertible: 


Pye =J\\/JO=[(1/A)—1](Jy,/J (5) 


where the total scattered light J;=(Ji+J))). 
The scattering ratio is, by definition, 

o=J)\/J1, (6 
where, this time, the subscripts refer to the direction of 
the electric vector of the linearly polarized incident 
beam with respect to the plane of observation and J 
represents the éofal intensity scattered from the re- 
spective component of the incident beam. The differ- 
ence in meaning of the subscripts to J in Eqs. (6) and 
(2) can lead to ambiguity unless it is clearly stated, or 
follows from the context, as to which of the two quanti- 
ties is meant in a given instance.” This ambiguity is 
avoided by the use of two subscripts of which the first 
refers to the incident beam and the second, joined to 


‘the first by an arrow, refers to the scattered beam. 


Thus, J..); identifies the component vibrating parallel 
to the plane of observation, which is scattered from an 
incident linearly polarized beam vibrating perpendicu- 
lar to the plane of observation. On applying this 
symbolism 


(2a) 
(Oa 
In the case of isotropic spheres 


Ji+\;=J);.L=0 
>G. Mie, Ann. Physik 25, 377 (1908). 
°W. Heller and M. Nakagaki, J. Chem. 

(1959). 

10 A precedent to this situation arose during Krishnan’s inter 

esting work [R. S. Krishnan, Proc. Ind. Acad. Sci. 1A, 782 
1935), and later papers] concerned with the four components 

of light scattered from nonisotropic particles of a size not negli 

gible with the dimensions of the wavelength: the components 
vibrating parallel and perpendicular, respectively, to the plane 
of observation if the electric vector of the incident linearly 
polarized beam is perpendicular to the plane of observation and 
the corresponding components if the electric vector of the inci 
dent beam is parallel to the plane of observation. Krishnan re- 
solved this problem by introducing for the four components, in 
the order named, the following symbols: H,, Vv, Ha, Vp. Or 
applying this to Eq. (2): 
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A= (H,+Hy)/(VotVa). (2a) 


[his symbolism has generally been accepted. Although it elim- 
inated the risk of ambiguity, it suffers from two disadvantages: 
(1) The symbols H (hk) and V (v), which stand for horizontal and 
vertical, respectively, presuppose that the plane of observation 
is horizontal which is often, but not always true; (2) it is neces- 
sary to memorize that the capital letters refer to the scattered 
beam and the small ones to the incident beam. A further dis- 
advantage is that the symbolism does not indicate which light 
scattering quantity is involved (7, 7, J, etc.). This is immaterial 
only if ratios are considered. 
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Fic. 1. Scattering ratio and depolarization at an angle of observation y of 90°. I. relative refractive indices, m: 1.05, 1.10, 1.15. 


at any a and m and, therefore, 


o=A. (8) 


The results reported here represent, therefore, both de- 
polarization and scattering ratio. 

The primary theoretical data obtained from the Mie 
theory are the values of the dimensionless quantity 
i(a, m, y)."! The quantity J is directly proportional to 
i. The same applies to the experimental quantities 
I/To and I/Ioc. Their ratio is, therefore, identical 
with the theoretical ratio 

oop =Ao=ty\/t1 


(9) 
provided the necessary extrapolations, discussed in 
Sec. ITI, have been carried out. This condition of 
identity is symbolized by the subscript 0. 
II. RESULTS 

The numerical values of 7;;/7, are given in Table I. 
Che results are illustrated by Figs. 1-3. The a value 

1! For a definition of these symbols see W. Heller, M. Naka- 


gaki, and M. L. Wallach, J. Chem. Phys. 30, 444 (1959); or 
W. Heller and W. J. Pangonis, ibid. 26, 498 (1957). 


associated with a given 7;,/i, value ceases to be single- 
valued beyond the first maximym of z;,;/7, which occurs 
at a=3.0 and 2.7 if m=1.05 ‘and 1.30, respectively. 
This corresponds to a particle diameter of 390 and 
350 my, respectively, on operating with the green Hg 
line (Ao: 5460.7 A). On carrying out measurements at 
two wavelengths so as to differentiate between the 
first ascending and first descending branches of the 
a(a) curve, the range of single-valuedness can be ex- 
tended to approximately 530 and 450 my, respectively. 
This single-valuedness presupposes, of course, that it 
is @ priori certain that the particle size in the systems 
to be investigated, while unknown numerically, is not 
in excess of the limits stated. If this information is not 
available, measurements at three widely spaced wave- 
lengths are necessary and generally sufficient® in order 
to obtain single-valued results. More conclusive, and 
more elegant but also more time consuming, is the 
compilation of the spectra of o. 

The optimum resolving power of o, at a values mid- 
way between a minimum and a maximum, is quite 
remarkable. Thus, at the intermediate m value of 1.20, 
the resolving power, in terms of Aa, is at midheight of 
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the first-order wave (a~2.6) 0.001, corresponding to a 
particle diameter differential of slightly less than 1 A 
if A\o=5461 A on assuming a conservative uncertainty 
in o determinations of 1%. This optimum resolving 
power changes fairly little with either m or the order 
of the wave. Thus one obtains, for instance, for the 
seventh-order wave at m=1.30, whose amplitude is 
very i an optimum resolving power of approxi- 
mately 2 .5 A under the conditions stated. Since proper 
choice of the wavelength should allow one to use 
always the midheight of the pertinent wave, extremely 
accurate particle size determinations are possible (in 
strictly monodisperse systems) once the problem of 
multivaluedness of answers is eliminated. The only re- 
striction to this generalization is that the range of very 
small particle sizes defined by a values of less than 
approximately 2 at m=1.05 and of less than approxi- 
mately 1.5 at m=1.30 must be excluded. Here the 
absolute value of J;; becomes so small that precise 


Scattering ratio and depolarization at an angle of observation y of 90°. IT. 


relative refractive indices: 1.20, 1.25. 


experimental determination is difficult or even im- 
possible." 

Rayleigh scattering (a—0) is characterized by per- 
fect polarization. The inverse statement, often found, 
to the effect that absence of appreciable depolarization 
indicates a small particle size, is not true. This is im- 
mediately apparent from the figures given. An example 
may illustrate this: the degree of polarization is 98.9% 
at the first minimum, if m=1.05, (particle diameter of 
5200 A if A\o=5460.7 A). Equally interesting is the fact 
that at sufficiently large a and m values an almost 
perfect negative degree of polarization may be ob- 
tained. Thus, — Phas the value of 98.9% at the seventh 
maximum if m=1.30. Negative values of P approach- 

2 Individual measurements of the experimental quantities 
corresponding to 1 or iy can, of course, also be made very sensi- 
tive to changes in particle size by adopting the method of mid- 
height measurement here proposed; however, the sensitivity of 


o is superior since the near coincidence of 71 and ij minima 
(footnote 4) leads to larger maximal do/da values. 
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ing 1.0 even more closely can be anticipated at the 
proper maximum if m>1.30. 
The o(a) curves reflect, except for obvious quanti- 


tative differences, the same general features found ’ 


previously‘ for the individual quantities 7\,, 71, and i,. 
In addition to the prominent secondary maxima and 
minima of very regular periodicity, one finds, again, 
primary and tertiary maxima and minima. 

The primary maxima essentially coincide with the 
secondary maxima of largest amplitude. Thus, ac- 
cording to Figs. 1-3, the first primary maximum 
occurs at a>>25, 25, >25, ~22.5, ~16.2, and 
~14.0 if m=1.05, 1.10, 1.15, 1.20, 1.25, and 1.30, re- 
spectively. For the latter m value, a second primary 
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3. Scattering ratio and depolarization at an angle of observation y of 90°. III. relative refractive index: 1.30. 


maximum is indicated at a~24. The period of recur- 
rence of these primary maxima, Aa, is very large. It is 
about 10 for m=1.30 and undoubtedly appreciably 
larger (see curve for m=1.25) at lower m values. It is 
noteworthy that at low m values the rise to the first 
primary maximum is preceded by a decline to a min- 
imum." This minimum, like the primary maximum, 
shifts to lower a@ values as m increases. It vanishes be- 
tween m=1.15 and m=1.20. 

The primary undulations may be followed also by 
considering, instead of the amplitude changes in the 
13 The m=1.05 curve shows even a shallow maximum at 
a~7 which, however, is not pronounced enough to affirm its 
existence positively. 





HELLER, PANGONIS, AND ECONOMOU 





TABLE I. Scattering ratio and depolarization for nonabsorbing spheres (7 =90°). 
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TABLE I.—Continued. 
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ORDER OF WAVE 


Fic. 4, Variation of the mean scattering ratio and depolariza- 
tion, per wave, with a. Parameter: relative refractive index. 


prominent secondary structure, rather the average 
i;\/t, values per secondary wave, of order n, 


(7 n= (A n= (Ati )/ (iL) 


They may be obtained from the 7; and i, values di- 
rectly, or, more simply, from the relationship 


/ = 
\o a (Gm a oe 


where Gmin, Tefers to the average minimal o value at 
the inception and upon completion of the mth wave 
and max, refers to the peak value of o for the same 
wave. The results thus obtained are illustrated by 
Fig. 4. These averages are of particular interest with 
regard to the prospective behavior of polydisperse 
systems (see the following). 

The existence of insufficiently resolved tertiary 
maxima and minima is indicated at a values>18 and 
>15 if m=1.25 and 1.30, respectively, (see Figs. 1-3). 
At lower a and m values the amplitude of these short 
period oscillations seems to be too small to be detect- 
able. It would be of interest to ascertain as to whether 
and to what extent there is a relationship between the 
“frequency” (oscillations per unit a) of undulations in 
the primary, secondary, and tertiary structure such as 
exists between fundamentals and overtones. The 
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period of the primary structure, unfortunately, is too 
large and the tertiary structure too little resolved in 
order to allow a definite statement on the basis of the 
results computed thus far. 

The data given can be strictly applied only to mono- 
disperse systems. In view of the large amplitude of 
the oscillations of the o(A) values compared to that 
of the individual quantities, 7, and 7,, it is @ priori 
clear that the scattering ratio (depolarization) is par- 
ticularly sensitive to heterodispersion. A comparison 
of the curves in Fig. 4 with the corresponding curves 
in Figs. 1-3 shows the change in o(A) to be expected 
in shifting from a monodisperse system defined by a to 
a moderately heterodisperse system, defined by @, 
whose particle size distribution approximates in its 
contour that of the o oscillation in the Aa interval 
of the nth wave. Because of this particularly high 
sensitivity of the scattering ratio (depolarization) to 
heterodispersion, this light scattering quantity was 
selected for the determination of size distribution 
curves from light scattering. The theoretical back- 
ground of this method—which in the meantime has 
been applied successfully—will be discussed in a 
following paper. 


III. REQUIREMENTS FOR A PRACTICAL APPLICATION 
OF THE THEORETICAL DATA ON LATERAL 
SCATTERING 


The relative intensity of light scattered by one 
sphere in a particular direction of observation, defined 
by 7, is, at a given a and m, 


J y= (N2/4ar?)1,, (10) 


if the incident unpolarized beam has unit intensity and 
if the photometric distance, r>A. The dimensionless 
quantity J represents, therefore, the scattered radiant 
energy which passes, at y, per unit time and unit area 
through a differential surface element of a sphere of 
radius 7, the center of which contains the scattering 
sphere exposed to an influx of radiant energy of 1 erg/ 
cm? and per sec. If the incident beam is linearly polar- 
ized, i and, therefore, J depend also on the azimuthal 
angle, ®, ie., the angle between the direction of ob- 
servation and the electric vector of the former. For the 
general case, therefore, 


Ty,0=(\2/4'r)iy,o. (10a) 


The values of ® considered here and in preceding in- 
vestigations of this series, are either 0° or 90° (i), and 
ii, respectively). Experiments are carried out with a 
system containing many spheres, with an incident 
beam whose intensity is not unity and one measures 
the scattered radiation which goes, at r, through a 
finite surface section AS of the photometric sphere. 
(Except for minor corrections necessary for curvature, 
AS is identical with the area of the entrance pupil of 


14 A. F, Stevenson, W. Heller, and M. Wallach (to be published). 
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the photometric device used for the measurements, 
provided that the photosensitive area of the device 
>AS.) While, therefore, under idealized conditions, 
the experimentally determined intensity 


I'=JNIAS, (11) 


where Jo is the intensity of the incident beam and N is 
the number of spheres per ml, Eq. (11) becomes an 
inequality on replacing dS by AS. The quantity J is 
then no longer uniquely defined, but represents an 
integral value which should be obtained between the 
limits y+Ay, y—Ay, @+A and &—A®. Simple 
multiplication of J,» by AS would be permissible only 
if the radiation diagram were spherically symmetrical 
(proportionality between J’ and AS) which is not the 
case. In addition, the scattered radiation of N spheres 
is not additive on account of multiple scattering which 
vanishes only as N—1. In order to obtain experimental 
data which are strictly comparable with the simple 
theoretical data, computed for a specific value of y 
and ®, a suitable twofold extrapolation of the former is, 
therefore, necessary. Double extrapolation yields finite 
scattering data on considering the experimentally ob- 
tained scattering intensity per unit concentration, 
unit AS and unit intensity of the primary beam. Since 
the concentration is conveniently expressed in terms 
of the volume fraction of the scattering spheres 


$= NoPd3/6n?, (12) 


the quantities to be compared are 


(I'/T.AS¢) 2 (6? /a8d3) J. 
6 


(13) 


It is, practically, more convenient to consider the solid 
angle w»=AS/r* instead of AS. The doubly extrapolated 
quantity (on the left-hand side) strictly comparable to 
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the theoretical quantity (on the right-hand side) 
follows then, on setting 


(I'/w) =I 


(I/Tob)o= (6m?/d08) Jr? = (3/2da#)i, (14) 


where the subscript 0 symbolizes the value obtained 
by extrapolation to ¢—-0 and w—0.% 

The preceding discussion is of primary importance, 
of course, only for the practical utilization of indi- 
vidual light scattering data reported in preceding 
publications of this series. Nevertheless, the same argu- 
ments apply for the determination of intensity ratios, 
such as dissymmetry, scattering ratio and depolariza- 
tion. Failure to extrapolate the experimentally deter- 
mined ratios to zero concentration will lead here to 
smaller but still appreciable errors" since the effect of 
multiple scattering is, at constant a and m, different 
for the two components of the ratio. The same applies, 
although to a far lesser extent,!® to the effect of the 
solid angle. The error resulting from the use of data 
obtained at a finite solid angle is caused here by the 
fact that the contours of the sectional radiation dia- 
gram defined by w are different for the two compo- 
nents. This may be neglected only if wo) <15X10~sr. 
At these very small angles, o is within the limits of 
minimum experimental errors, proportional to wo." 

16 Extrapolation of light scattering quantities to zero solid angle 
is quite generally not carried out. In fact, none of the available 
commercial instruments allows one to do this. Consequently, the 
great majority of published experimental data is affected by the 
resulting error since it varies with a and m and is, therefore, not 
fully eliminated by the use of a single empirical instrument 
constant. In very many of these cases, though, the error is most 
likely smaller than the cumulative error due to other sources. A 
detailed discussion of the experimental “solid angle error” has 
been given on the basis of systematic experimentation by R. 
Tabibian and W. Heller [J. Colloid Sci. 13, 6 (1958) ]. 

16 W. Heller and R. Tabibian (to be published elsewhere). 
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Ihe NMR spectra of glycidaldehyde were measured at 40 and 60 Mc/sec. 
H (D) 
| 
C=0 


J 
<; 
OF os 
(B) O H (C) 

These complicated spectra of four interacting protons were analyzed by two methods: the ABK Y approxi- 
mation and the iterated ABCD solution. The various mathematical techniques developed should prove useful 
in the analyses of other complicated spin resonance spectra. 

he following spin-spin coupling constants, J;; in cycles per second and chemical shifts, 6; in parts per 
million (relative to tetramethylsilane) were found: 


J AB Jac Jc Jap Jgp Joep ba op 





40 Mc 2.04 4.90 0.03 0.32 6.36 


6.24 


3.096 3.158 


60 Mc 5.04 2.09 4.87 +0.03 -0.31 3.098 3.166 


Che first three coupling constants are very close in magnitude to those obtained in other epoxides (in most 
cases to within 0.5 cps). 

The magnitude of the coupling constant between the aldehyde proton (D) and the adjacent proton (C 
indicates that the D proton of the aldehyde group is probably on a time average, mainly in a plane perpen 
dicular to the epoxide ring. The proton (D) could be either cis or trans to proton (C), but from a considera- 
tion of internal rotation interactions, it is probably in the tans configuration. The J 4¢ and J gc coupling 
constants are consistent with an “‘eclipsed-ethanelike” model rather than with an “ethylenelike’”’ one. The 
coupling constants across the molecule, J 4p and Jgp, are an order of magnitude smaller than thejother 
constants. This is in agreement with the approximate attenuation factor of 1/10 for spin-spin‘ coupling 
through a single bond 


INTRODUCTION 
i jews usual methods! for analyzing NMR spectra in 
detail are not adequate unless the spectra are 
relatively simple. 
powerful 


arise from the three ring protons (labeled A, B, and 
C, K or X) and an aldehyde proton (labeled D or Y). 
The spins of these four nuclei interact so strongly that 
complicated spectra are observed. The aldehyde proton 
gives rise to resonance lines that are well separated 


For more complex spectra more 


methods are needed. Recently, iterative 


methods? were developed and applied to the analysis 
of the NMR spectra of the three interacting protons 
attached to an epoxide ring. In the present paper these 
methods are further developed and applied to the 
analysis of the NMR spectra of four interacting spins. 
It is found that both the intensities and the positions 
in the NMR spectra of glycidaldehyde can 
be accounted for satisfactorily. Reliable NMR param- 
eters can be derived and used, e.g., for the purpose of 
extending our understanding of the relation between 
NMR spectra and molecular structure. 


ot ali lines 


The nuclear magnetic resonance spectra of glycidal- 


Dor Y 
CHO 


H O H(C, K, or X 


€ if A Pople W. G. Schr 

-esolution Nuclear Magnetic Re 
iy, Inc., New York, 1959 

A. Reilly and J. D. Swalen, J 


€ er 


H. J. Bernstein, //i 


nance (McGraw-Hill Book Com- 


Chem. Phys. 32, 1378 (1960). 


from those of the three ring protons, but this proton is 
strongly spin-spin coupled to the adjacent ring proton 
and weakly coupled to the other ring protons. The 
resonance lines from the A and B protons appear with 
considerable overlapping and even some of the C 
resonances overlap the AB pattern at 40 Mc/sec. 

The assignment of the various lines presents a major 
problem in the derivation of the various spin-spin coupl- 
ing constants and the magnetic screening parameters. 
In the next section we shall give the matrix elements 
of the general four spin system (ABCD). Two methods 
of analysis will then be discussed. These are the ABK Y 
approximation and an iteration method on the general 
four spin system (ABCD). 

In order to aid in the making of an unequivocal 
assignment, spectra of glycidaldehyde were observed 
at both 40 and 60 Mc/sec. The 60-Mc/sec spectrum was 
analyzed by the ABKY approximation followed by the 
ABCD solution. The 40-Mc/sec spectrum was too 
highly perturbed (and hence too complicated) to 
analyze by the ABKY approximation so that the 
iterative ABCD method was used directly. 


980 
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Tab_e [, Basis functions for a four-spin system. THEORETICAL BASIS 








Matrix for Four-Spin System 


The products of spin functions for a four-spin system 
are used as the basis functions. These are given in 
Table I where they are sorted by the total Z component 
of the spin angular momenta (denoted Fz). 

The matrix elements of the Hamiltonian calculated 
for this system 


R= Ad2(i)+> J del; 
‘ td. 
with the aid of angular momentum properties!) are 
presented in Table II. The basis functions of Table I 
and the matrix elements of Table II are appropriate 
for any system (ABCD) of four nonequivalent spins. 
The superscript on each diagonal element is the Fz 
value for the submatrix to which this element belongs. 
Furthermore, the ordering of the basis functions of 
Table I is such that the diagonal matrix elements in 





TABLE II. Matrix for a four-spin system. 





4X4 Submatrix (Fz= +1) 





Diagonal matrix elements 


| Hyt i Jap + J ac $J ap Ay?= hathpthethp+ my +). +jp 


Hy'= —ha+hp+he+hp— J’ —jc! —jo! 
a ap ul tathpthet+hr 5 — 


5 J pp : ep 
Het!= — ha—hp-thetho—J'+jc 
| 2Jac 2Jec Hs*' 2Jcp Ays'= = hathg—het+hpt+ J'—jc 
A= hgthpthe—hpt+. 
|4Jap sJpp gJco Has") te hatha he— hp 
: yor eae ae ae Hy°= —ha—hethethp+ 
4x4 Submatrix ( Fz= == 1) H.°= = a-+-ha~he +-ha— i 
Hy iJon bJ ep 5 Jap 33) ha—hp—he+hp—. 
| Hy’= —hathsthe—hp— J —. 
55° : ha—hpthe—hp—- J +) 
| +J BD J Be A337} oJ AB He’ = hathe—he—hpt+J —Ji 


| 
1 1 1 1 
\gJ ap sJac Jan Au 


| 3Jcp Hw» : >J BC $Jac 


Ay = —hz os hp —he+ hp+ J’ +) ? 
Hoe Re —hy —hpt+ It —_ hp+ oi —] 


6X6 Submatrix (Fz =Q) A333= —hathp—he—hp— J’+ J 


1 1 1 1 
xJ Bc 9J ac 2 Jp 3J AD 


Hyt= ha-—he—he—hp— J'—-j 
Ay ?*= —ha—hg—hi —hp+ MT +j 
indo 1—o; 


Oe he \. at J D) 
tJap  H33° 0 sJco 348 


Hx® 3Jas eJcp 0 
‘Top 0 Hy 3Jap 
0 tJcpo tJan Ass° 


1 i an \ 
> JAD sJpp 3Jac 3JBc jp =1(Jap—J pp) 
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TaBLE III. ABKY submatrices for a four-spin system. 








Fz=+1 





((Hn’)* 0 


633°? 











(H4’) 7 
where, 
b13¢!= (J ax COS$41+-3J wx Sing41) 
best! = (—3 Jak Singyit+3J eK COSP 41) 
bo31 = (3 Jax sings +3 J ex cosd-_1) 


bog! = (4 J ax cosd_1—3J px sind_1) 





Fz = 0 








where, 
i J AK sindso+3J eK COSH,) 
+ Jax COS$40—4J pK Sing4o) 
5 J AK cos ot3J aK sing 0) 
O56 _s — tJax sing ot3J aK cos 0) 


(For definition of H;;’ see Table IV.) 








Table II are listed in 

haKhp<Khe<Khp. 
Diagonalization of the submatrices of Table II by 

appropriate methods will lead to a determination of 


order of decreasing energy if 
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their eigenvalues (energy levels) and eigenvectors 
(wave functions). The various observed transitions 
are between these eigenvalues with the restriction 
AFz=+1. The relative intensities depend on the 
eigenvectors for the corresponding states in the manner 
shown in a later section. , 


ABXY and ABKY Approximations 


The ABXY approximation is merely an extension of 
the ABX approximation. In both cases all off-diagonal 
matrix elements, except those equal to 4Jaz, are 
neglected and two-by-two rotations are performed in 
order to diagonalize the resulting matrices. The coupl- 
ing constants J;; and the shielding parameters /; can 
be obtained from the energy levels derived from the 
observed spectrum (to be described later) 

In the ABA Y approximation all off-diagonal matrix 
elements are included except those coupling to the Y 
proton, i.e, Jay, Jey, and Jxy. The two-by-two 
rotations are now applied to these matrices.’ Upon the 
completion of this procedure the transformed subma- 
trices of Table III are obtained. Second-order perturba- 
tion theory is now applied in order to determine the 
energy levels given in Table IV. The wave functions 
could also be found by perturbation theory, but these 
rather complicated expressions will not be given here. 
(Generally it is easier to find the eigenvectors, if they 
are needed, with the aid of an electronic computer, e.g., 
the Bendix G-15). The transition energies in this 
approximation can easily be found, if desired, from the 
levels of Table IV. The spin-spin coupling constants 
J;; and magnetic shielding parameters /,; can readily 
be found by equating these energies to the energy 
levels derived from the observed spectrum. If an off- 
diagonal element 6;; in the matrices of Table IIT 
becomes comparable with the difference between the 
energy levels that it connects, e.g., if degt! = ( H».’) t!— 
H;3*1, then the corresponding perturbation term A,; 
will be relatively large. In this case the J’s and h’s 
derived with this approximation should be used to re- 
calculate the matrices and the above procedure re- 
peated until a convergent solution is found. 

The ABXY energy levels can be obtained from Table 
IV by setting the A;,’s to zero. 


ABCD Method of Solution 


If the spectrum from four spins cannot be analyzed 
satisfactorily with the aid of either the ABXY or the 
ABKY approximation, then the matrices, the elements 
of which are given in Table II, can be diagonalized on 
an electronic computer, e.g., the Bendix G-15, IBM 
650, or 704. However, one must first have approximate 
values for J;; and /; in order to calculate the numerical 
values for the matrix elements. An iteration procedure 
can then be used to refine the fit to the energy levels 
determined experimentally. 


3 Cf. the ABK approximation in footnote 2. 
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TaBLe IV. Energy levels in the ABKY approximation. 











Level no. Energy 








21 hathethxthyt+JI+ixtiy 

1, hy thy — J'+ Di +Aist!= (Ay) t+ Ais*t 
i. hy thy — J’ — Dy: Aggt!= ( He") +1+- Aost! 
1; ee eae aes ee ee ee wee 

ly hathethx —hy+ J'+jx—jy 


—ha—hpthxythy+ J —jx—jy +4 +A? 
—hy+hy— J+D4o—Ar?= (H2") ° — Aw” 
—hy+hy — J —D4o—Ais°= (Hs) °— Ans? 

hx —hy — J+D_o+As?= (Hay) °+ Ase? 
hx —hy — J — D_o+-Ase®= (Hos’) °+ Ase? 
hathp—hx —hy+ J —jx—jy — Ase? — Ase? 


—hs—hp—hx+hyt+ J’ +ix—ijy 
—hs—hpthy —hyt+ J! —jxt+jyt+Aeg!+Aue 
—hx —hy — J'+D_1— Ass = (33)! — Ags! 


—hx—hy— J'—D_1—Ag'= (Ha!) — Ag . 


—hs—hg—hx —hy+J+jxt+iy 
where, 


(6,371)? (5937!) ? 


= on 1— 
(Hy! — 33) +l ™ 


Aist! igs 4 
(Ho — H33 ) S. 


(8y3*1)? po ee ei)" 
(H2— Hy) 


+] os 


i. ( Heo’ — H33) +! 


23 


(5y0°)? 6 0) 2 
Ai," = Age’ = ( = 


(Hiu—Hx')° (Hu' — Hee)° 
(43°)? (856°)? 


(H13.— Hs3')° e (ihe ~ ia 


A” - 


Ds, cos2o41= (hyp—ha) —jx’—jy’ Di sin2¢,1;= D4 sin2d 1 


= D_y sin2@_9= D_; sin2¢.1=4}Jas 
D4o cos2o40= (hp—ha) +jx’—jy’ 


D_» cos2¢_9= (hz—ha) —jx' +iy’ 
D_; cos2o1= (hp—ha) +jx’+iy’ 
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The first task in the iteration procedure is the assign- 
ment of the various transitions. If the pattern is well 
spread out, then an assignment is naturally easy. 
However, as the resonances from various protons move 
together and start overlapping, the intensities of the 
various components change radically and “forbidden” 
or “combination” lines start appearing. Up to a point 
the ABKY approximation can be used to give an 
assignment and to calculate approximate constants. 
However, when the perturbation becomes too large for 
second-order theory to be adequate, a different pro- 
cedure should be tried. Third- or fourth-order perturba- 
tion leads to extremely complicated formulas which are 
too unwieldy to be of much practical use. If the approx- 
imate treatment outlined in the last section cannot be 
used, then the only method left seems to be to calculate 
spectra on a computer with various reasonable values 
for J ;;and h,. Here a knowledge of the spectra of similar 
compounds is extremely helpful. For example, it was 
shown? that the coupling constants in four epoxides 
are fairly constant from molecule to molecule. If reason- 
able values for the parameters are chosen, some of the 
lines observed can be definitely assigned to transitions. 
After a sufficient number of lines has been assigned, 
experimental values for the energy levels can be deter- 
mined. It may then be possible to assign further lines 
with the aid of these energy levels and to repeat the 
process until all lines have been assigned. 

A sum rule that we have found very useful for the 
determination of the that 
v — )-rv| js —k E;— Ei, 1.e., the energy 
difference between two levels is the sum of the transi- 


energy levels states 


} 


—-eeep( se—j/) = 


tion energies connecting these levels. If more than one 
set of transitions connected the levels, then each such 
set must give the same resultant sum. 
The principle of spectroscopic stability4 may also be 
in working out assignments. This principl 


for any operator a. If a=Fx, the X component of the 
spin angular momentum, then this principle as applied 
to NMR spectra states that the sum of the intensities 
of all transitions between Fz 


pendent of 


a and Fz=b is inde- 
functions used for the matrix 
representation. The application of these interpretative 
aids will be illustrated in the detailed analyses of the 
glycidaldehyde spectra to follow. 


the wave 


If the correct parameters had been chosen then the 
eigenvalues of the diagonalized matrix would be the 
energy levels derived from the observed transitions 
as outlined above. However, in general, the eigenvalues 
will not agree exactly with the energy levels but an 
iteration procedure can be used to reach the desired 
solution. 

E. U. Condon and G. Shortley, The Theory of Alomi 


> pecira 
Cambridge University Press, New York, 1957). 
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The computer diagonalization of the Hamiltonian 
matrix H can be symbolized as the similarity trans- 
formation 

S7HS=A, 


where S is the unitary matrix (S-'=S), the columns 
of which are the eigenvectors found by the computer 
and A is a diagonal matrix, the elements of which are 
the eigenvalues, \,, of H. Since the S matrix varies in a 
higher order than the eigenvalues, e.g., a first-order 
correction to the wave function leads to a second-order 
correction in the energy, this matrix can be used to 
derive more accurate values for the elements (Hexp) an 
from the (diagonal) matrix of the experimental energy 
levels Acxp, aS follows: SAcx S1= SAexpS = Hexp. Then 
it follows that (Hexp)an= 2 iSn2di (The off-diagonal 
elements (Hexp) an could also be used, but these are not 
necessary. In fact it is inadvisable to use them because 
because they are subject to much larger fluctuations 
during the iterative process.) The matrix elements 
(Hexp) nn So found can then be used together with the 
equations of Table II to find new values for the spin- 
spin coupling constants and the screening parameters, 
i.e., a set of linear equations is solved. These in turn 
lead to a new Hamiltonian matrix which is diagonalized 
to give the new matrices S’ and A’. S’ instead of S is 
then applied to Ax, and the foregoing process re- 
peated until a consistent set of parameters is obtained. 
Schematically the whole process can be represented as 


i] 


ai (Herp) np 


) 


H — A,S — SA,q,5 
A 


l 
v 
CALC Arip 
SPECTRUM 


> SPECTRAL 
ASSIGNMENT 
The intensities of the various transitions are pro- 
portional to | (W; | 7; | ;) ? and can be found directly 
from the final S matrices found in the iteration pro- 
cedure previously described. 
I( Fz, i—Fz—1, 7) 


(Sel Fee ADP e tes | 


where 7 z,r 7-1 is proportional to the Jy matrix between 
the states with spin angular momenta Fz and Fz—1. 
The latter matrices are given in Table V for an ABCD 
system. 

EXPERIMENTAL 


General 


A freshly distilled sample of glycidaldehyde together 
with a small amount of tetramethylsilane (TMS) 
as an internal reference contained in a standard Wilmad 
precision tube was degassed by a standard freeze- 
pump-thaw technique. The NMR spectrum at 40 
Mc/sec was obtained immediately and that at 60 
Mc/sec was obtained at a later date. Additional 40 
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Mc/sec spectra were obtained at this time and the 
measurements combined with the earlier ones at 40 
Mc/sec. No obvious differences in the two sets of 
spectra were noted. The spectra were calibrated in the 
usual way by a sideband technique. 

The 60-Mc/sec spectrum is shown in Fig. 1 and the 
40-Mc/sec spectrum in Fig. 3. It is evident that the 
spectrum at 40 Mc/sec is considerably more com- 
plicated than the one at 60 Mc/sec. In each case the 
“aldehyde proton” is at highest energy and the proton 
on the same carbon atom as the aldehyde group is at 
next highest energy. However, at 40 Mc/sec some of 
the lines from this proton appear to overlap with those 
from the remaining two protons. It is the this overlap 
that makes the analysis of the 40-Mc/sec spectrum 
difficult. 


Analysis of 60-Mc/sec Spectrum 


The 60-Mc/sec spectrum with the line assignment ‘is 
shown in Fig. 1. The experimental line positions with 
respect to the TMS are given in cycles per second (cps) 
in the third column of Table VI. Because of variations 
in sweep rates through the spectrum, it was necessary to 
average the results of several such sweeps. The posi- 
tions of transitions 11, 12, and of transition 24 were 
first established to +0.3 cps with respect to TMS. 
The separation of 12.78 cps between these resonances 
was then used for determining the positions of the 
remaining lines in the spectrum. At least 5 tracings 
were used to obtain the average positions listed in 
Table VI. The standard deviations are shown in column 
4. The separation of 0.26 cps between transitions 25, 
27 and 26, 28 was obtained from the separation in time 
of the two ‘‘beats’”’ following the resonance consisting 
of these transitions.° 


TABLE V. T matrices for four-spin system. 








Note that 


To, -1) 6,3 (110) 8-5, 1-5 





5C. A. Reilly, J. Chem. Phys. 25, 604 (1956). 
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TaBLe VI. Glycidaldehyde line positions at 60 Mc/sec. 





Calc from 
ABCD 


soln. 


Transition 


No. Origin Obs Obs-Calc 


—1,-—2, 180.19 cps 
0;—-—1, 180.19 
Os—-— 12 182.85 

+1o— 0, 182.85 
Os—-—1; 185.83 

+13 QO. 185.83 

Bg 14— O4 188.21 

+2;-+1, 188.21 





180.28 cps —0.09 cps 
180.30 —0.11 
182.75 +0.10 
182.77 +0.08 
185.79 +0.04 
185.75 +0.08 
188.26 —0.05 
188.32 —0.11 


0.49 cps 
0.49 
0.38 
0.38 
0.18 
0.18 
0.11 
0.11 


Uke Wh 


~ 


).2¢ 185.59 
).2¢ 185.69 
190.12 
190.09 
191.10 
191.24 
195.63 


—0.06 
—0.16 
+0.08 
+0.11 


1,;<-—2, 185.53 ( 
Oo——1, 185.53 ( 
O4—— 12 190.20 

+1,— Q, 190.20 
Op—— 1, 

bie 0; 

Lie 05 —0.11 
—0.12 


% 0.1: 
+2;<—-+ le 0.1: 195.64 


1,-—-— 2, 

Oy—— 1; 200.07 

Os—— 14 198.09 
+-14— O05 202.49 

0;——1, 201.43 
+1,;— 0, 205.66 
+1,— 0; 203.95 
+2:<—+1,; 208.30 


0.15 
0.25 
0.22 
0.24 
0.24 
0.11 
0.20 


195.49 
200.01 
197.95 
202.48 
201.42 
205.81 
203.98 
208.38 


+0.03 
+0.06 
+0.14 
+0.01 
+0.01 
—0.15 
—0.03 
—0.08 


—1,——2, 532.25 
O2——1; 532.51 
O3—— 1, 532.25 

06 532.51 
——12 538.38 

+1:— 0, 538.38 

+12— 05 538.38 

+2i—+ ly 538.38 


0.06 
0.06 
0.06 
0.06 
0.01 
0.01 
0.01 
0.01 


532.40 
532.50 
532.32 
532.46 
538.33 
538.30 
538.35 


538.35 


—0.15 
+0.01 
—0.07 
+0.05 
+0.05 
+0.08 
+0.03 
+0.03 


After many tries and preliminary calculations both 
on the 40- and the 60-Mc/sec spectra, the assignment 
shown in Fig. 1 was finally taken to be the most reason- 
able. On the basis of this assignment, the energy level 
diagram of Fig. 2 was constructed. The sum rule dis- 
cussed in the theoretical part above was used to find the 
most consistent values for the energy levels. For ex- 
ample, assuming level —2; to be zero, the sum of the 
observed positions for transitions 8, 12, 21, and 25 gives 
1112.09 cps for level 2). Averaging this with the sums for 
the other 11 possible paths between these two levels 
gives 1112.131 cps as the “best”? numerical value for 
level 2;. Similarly for the various paths connecting — 2, 
to each of the other levels. The position thus found for 
each energy level relative to —2; is shown in column 2 
of Table VII. The average position for all 16 levels is 
551.449 cps. Since this average position must be zero 
(i.e., Trace H =0, see Table IT) , 551.449 was subtracted 
from the values in column 2 to give those in column 3 of 
Table VII. These are the numerical values (A,)exp of 
the experimental NMR energy levels for glycidalde- 
hyde at 60 Mc/sec. With these “best” values for (\,) exp 
the line positions riven for all transitions, except 22, are 
within +0.1 cps of the observed positions. Transition 22 
is observed to be at 0.21 cps lower frequency and must 
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Fic. 1. 60-Mc/sec NMR 
be in error by about this amount. A better fit of the 
observed spectrum might have been obtained if the 
line positions had been weighted according to the 
estimated precision and a least squares criterion had 
been used in deriving the energy levels. Such an ex- 
tension of the present scheme for analyzing NMR spec- 
tra will be postponed until a later date. 


ABXY Approximation 
With the transitions assigned as in Fig. 1, approxi- 
mate values for the coupling constants J;; and the 
screening parameters /; were first determined from a 
simple ABXY approximation, i.e., the energy correc- 


TABLE, VII. Numerical values for NMR energy levels of 
glycidaldehyde at 60 Mc/sec. 








Position 
(relative 
to — 2 ) 


From 
ABCD 
Level (Ax) exp soln. Diff. 





1112.131 cps 560.682 cps 560.724cps —0.04 
923.874 
916.578 
903.795 
573.835 


372.425 
365.129 
352.346 

22.386 


372.408 
365.089 
352.348 

22.372 


0.02 
0.04 
0.00 
0.01 


733.745 
718.000 
712.503 
385.610 
378.283 
371.333 


182.296 
166.551 
161.054 
— 165.839 
— 173.166 
— 180.116 


182.319 
166.598 
161.107 
— 165.887 
— 173.260 
— 180.110 


—0.02 
—0.05 
—0.05 
0.05 
0.09 
—0.01 


532.338 
195.433 
185.515 
180.210 


—19.111 
—356.016 
— 365.934 
— 371.239 


— 19.096 
—356.007 
— 365.900 
— 371.213 


—0.02 
—0.01 
—0.03 
—0.03 
0 —551.449 


—551.492 0.04 


551.449 cps 
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eel 


spectrum of glycidaldehyde. 


tion terms needed for the ABKY approximation were 
assumed to be zero. 

Because of the four intervening bonds between the 
Y proton and either the A or the B proton, it is ex- 
pected that both Jay and Jzy will be small. Thus it was 
tentatively assumed that Jay=Jzgy=0. This means 
that jy and jy’ as defined in Table IT will both be zero, 
Consequently, in this approximation the D’s and @’s 
as defined in Table IV will be related to one another as 


(10) 185.53 


1 


Fic. 2. Energy level diagram for 60-Mc/sec NMR spectrum of 
glycidaldehyde. Not to scale. 
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follows: 
Dy; =D. and D49=D_ 
$411=$-0 o40=o-1. 


The detailed calculations of the remaining coupling 
constants and screening parameters in this approxi- 
mation give 

J ap=5.50 cps ha= 93.11 cps 
hg= 94.33 cps 


hx =100.97 cps 


Jxy=5.90 cps 
Jax=1.02 cps 


J px =5.90 cps hy = 267.69 cps. 


Ja ¥ ==() cps 
Jpy=0 cps 


These numbers were now used as starting parameters 
for carrying out the ABKY approximation. 


ABKY Approximation 


The parameters found in the ABXY approximation 
were next used as initial data for the first ABKY 
calculation. This approximation led to new values for 
the parameters, which were then used for the second 
ABKY approximation. The process was repeated until 
eight iterations had been completed. It was found that 
convergence to a consistent solution was quite slow, 
particularly for Jax and Jpx. Hence, the value derived 
for each parameter was plotted as a function of the 
iteration number and extrapolated to an estimated 
asymptotic final value. Such values were then used for a 
further ABKY iteration. Still another one was then 
required to reach a nearly convergent solution. The 
following values for the parameters were obtained: 


Jan= 5.54 cps ha= 92.97 cps 
hp= 94.79 cps 


hx = 100.68 cps 


Jr y= 6.24 cps 


Jak= 2.09 cps 
J pK = 
Jay=+0.03 cps 


Jry =—0.31 cps 


4.87 cps hy = 267.67 cps. 


Since v)=60.00 Mc/sec, the shielding parameters in 
dimensionless units become 


54 =2ha/vX 108 = 3.098 
55 = 2hp/voX 10° =3.166 
5x = 2hx/voX10°= 3.356 
Sy = 2hy/mX 108 =8.922. 


ABCD Solution 


The parameters derived via the ABKY approxima- 
tion were next used to calculate the matrices of Table 


GLYCIDALDEHYDE 987 


TABLE VIII. Calculated line intensities for 60-Mc/sec NMR 
spectrum of glycidaldehyde. 











Lower Level 


Upper level 1, 





0.982 2=4.000 





0. 05 06 


0.980 0 0 

0 0.965 0.019 
0.002 0.018 0.996 
2.142 0.446 0.394 


3.124 


1.429 1.409 














II. The Bendix computer (model G-15) was then used 
to find their eigenvalues and eigenvectors. The eigen- 
values are listed in the fourth column of Table VII. The 
differences to the nearest hundredth of a cycle per 
second between these eigenvalues and the experimental 
energy level are shown in the last column of this table. 
In no case does a difference exceed 0.1 cps; in fact only 
one difference (for level 0;) exceeds 0.05 cps. The line 
positions calculated from these eigenvalues are shown in 
column 5 of Table VI. Their differences from the 
observed positions are shown in the last column of this 
table. All calculated positions are within 0.2 cps of the 
observed ones and hence, in view of the somewhat large 
standard deviations of each observed position, are 
considered to be in good agreement with them. There- 
fore, no iteration was done. 

A more sensitive criterion of the adequacy of the 
solution comes from a comparison of the calculated and 
observed intensities. The intensity of each line was 
calculated by the method outlined in the theoretical 
part of this paper. The matrices Sr, were formed from 
the eigenvectors and the matrix products 


1/@ ° 
| (Seo7rz,r2-19F 2-1) ij |? 


were found from these and the T matrices shown earlier 
Table V. The results are summarized in Table VIII. 
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(The common factor 7?/4 has been omitted from all 
these numbers.) The principle of spectroscopic sta- 
bility was used to check for arithmetic errors in these 
calculations as follows. In zeroth order, i.e., all J;; 
neglected (set equal to zero), it can easily be shown 
that there will be four transitions of equal intensity 
between levels with Fz=+2 and Fz=+1 giving a 
total intensity (un-normalized) of 4. Similarly for the 
transitions between levels with Fz=—1 and Fz=—2. 
Between levels with Fz=+1 and 0 as well as between 
those with Fz=0 and Fz=—1 there will be 12 transi- 
tions of equal intensity for a total intensity (un- 
normalized) of 12 in each case. These intensity sums 
will be the same for any degree of perturbation intro- 
duced by the J;; couplings. It is seen from Table VIIT 
that this is so in the present case. The agreement be- 
tween the calculated and observed spectra is indicated 
in Fig. 1. It is about as good as could be expected for 
spectra obtained with the present instrumentation. 


Analysis of 40-Mc/sec Spectrum 


1c. 


The 40-Mc/sec spectrum is shown in Fig. 3. The line 
assignments were made on the basis of comparisons with 
the 60-Mc/sec spectrum and of intensity calculations 
with approximate coupling constants and _ shielding 
parameters. The line positions given in Table [IX were 
obtained by averaging the results of at least 18 or 19 
recordings the spectrum. The standard deviations for 
most lines are considerably smaller than for the lines 


lycidaldehy 


g 
4 


= 
io 
= 
Zz 

7 


40) Mc 


2 
» Oe 


Fic. 4. Energy. level diagram for 40-Mc/sec NMR spectrum of 
gycidaldehyde. 
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in the 60-Mc/sec spectrum. For all the 40-Mc/sec 
lines these deviations are <0.05 cps. 

With the assignment of Fig. 3 and the line positions 
of Table X, the energy level diagram of Fig. 4 was 
constructed, the dashed lines being combination tran- 
stions (not observed at 60 Mc/sec). The energy levels 
(Ai) exp Of Table X were then found in the same way as 
were those for the 60-Mc/sec spectrum. 

The parameters found from the 60-Mc/sec data were 
next used to calculate the matrices of Table II, the 
field-dependent parameters /; having been first reduced 
by the factor % (the conversion factor from 60 to 40 
Mc/sec). The eigenvalues and eigenvectors for these 
matrices were found with the Bendix G-15 computer. 
The values of (Ai)exp were then used together with the 
eigenvectors from this diagonalization to calculate 
“better” values of the diagonal elements (Hexp)nn by 
the relation 


(Hexp) nn dD Safdx 
é 


TABLE IX. Line positions in 40-Mc/sec spectrum of 
glycidaldehyde. 








Calc from 
ABCD 


soln. 


Transition 
No. 


Observed 
Origin position Obs-Calc 





SS eee 
0;—— 1, 
0; — 1. 
lo 0; 
Ope—— 1; 
1,— 0p 
ly 0, 
2i¢ : 1; 


117.71 cps 
117.71 
120.29 
120.29 
123.19 
123.19 


0.04 cps 
0.04 
0.04 
0.04 
0.03 
0.03 
0.03 
0.03 


117.76 cps —0.05 cps 
117.64 0.07 
120.40 —0.11 
120.32 —0.03 
123.11 0.08 

J. 0.01 
—0.01 
—0.13 


1 
2 
3 
4 
5 


one 


—1,-—-—2, 
O—-—1; 
Ow—— 12 
1 0, 
Ose 1, 
1;— Os 
14— Os 
2— lo 


0.04 
0.04 
0.05 
0.05 


—0.02 
0.01 
0.02 
0.12 


‘O11 
0.04 


0.05 
0.05 


—1,-——2, 8 0.04 
Ga=— fe 0.05 
Os—— 1, 0.05 
ic Oo 0.04 
Ow —1, 0.04 
tie G 0.03 
1 0, 0.03 
2 1; 0.02 


oc 


0.04 

0.03 
—0.10 
—0.10 
—Q.09 
~0.03 
— 0,07 
—0.07 


re TOO Ur Ge OO 


aie OA 
wmno 


if Ge 
“Ie Un Ui bo bo 


eee ee 
wm DW WW WW W DO 


141.38 


—1,;+-—2; 353.82 
O2—— 1; 354.37 
O3<—-— 1, 353.82 
13— O06 354.37 
Oj. — le 359.64 
1;— O04 359.91 
1,<— 0; 359.64 
2 1, 359.91 


0.04 
0.04 
0.04 
0.04 
0.05 
0.05 
0.05 
0.05 


353.91 
354.35 
353.79 
354.42 
359.60 
359.80 
359.52 
359.92 


—0,09 
0.02 
0.03 
0.05 
0.04 
0.11 
0.12 

—0.01 


O.2—— 1, 347.73 
1,;— 05 350.65 
1,— Os 363.34 


0.04 
0.04 
0.05 
0.03 


347.82 
350.60 
363.34 


366.13 


—0,09 
0.05 
0,00 
0.04 
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TABLE X. NMR energy levels of glycidaldehyde at 40 Mc/sec. 











Position 
(relative 
to— 21) 


From 
ABCD 
Level (Ax) exp soln. Obs-Calc 





741.219 cps 375.228 cps 375.252cps —0.02 
615.438 
608.700 
599.791 
381.343 


249.447 
242.709 
233.800 

15.352 


249.392 0.06 
242.728 —0.02 
233.807 —0.01 

15.335 0.01 


488.386 
476.618 
471.547 
255.603 
249.102 
245.435 


122.395 
110.627 
105.556 
— 110.388 
— 116.889 
— 120.556 


122.409 
110.627 
105.539 
— 110.410 
— 116.795 
— 120.612 


—0.01 


353.878 
128.822 
122.248 
117.730 


— 12.113 
— 237.169 
— 243.743 
— 248.261 


— 12.100 
—- 237.190 
— 243.725 
— 248.247 


0 —365.991 — 366.010 


365.991 0 








These numerical values for (Hexp)nn were then 
substituted in the 16 defining equations for the diagonal 
elements (Table II) and better values for the coupling 
constants J;; and the screening constants h; found by 
solving these equations. These new values were now 
used to calculate new submatrices and the above 
procedure repeated. After the third iteration the eigen- 
values given in the fourth column of Table X were ob- 
obtained. It will be noted that, as in the 60-Mc/sec 
spectrum, these eigenvalues agree with the experimental 
values (A;)exp to better than +0.1 cps. The positions 
calculated for the transitions from these eigenvalues are 
given in column 5 of Table IX. The agreement between 
the observed and calculated positions is somewhat 
better than for the 60-Mc/sec spectrum-undoubtedly 
because the experimental data are more precise. 

The intensity of each line was next calculated in the 
same way as for the 60-Mc/sec spectrum with the 
results presented in Fig. 3. 

The values derived for the coupling constants and 
the shielding parameters from this solution are 

Jas B= 


5.54 cps ha= 61.914 cps 


Jcp= 6.36 cps hg= 63.163 cps 


Jac 2.04 cps he= 67.120 cps 


J ae 4.90 cps hp =178.434 cps. 
Jap=—9.03 cps 
J pp = —0.32 cps 


Since the measured value of vo for our spectrometer is 
39.996 Mc/sec the shielding parameters in dimen- 
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TABLE XI. 


(J act 
Jsc Jsc) y 5B dc 


oy 6.95 3; 3.160 3.356 
eS ee 2.810 3.608 
14 3s 3.002 3.503 
10 2: 3.001 3.366 
a 2 2.988 3.478 


ee: 2.922 3.462 
10 0.112 0.054 0.046 
a 8 1.8 1.3 








R Sun Sac 
—CHO ; 
a 

—CN 
—COCH; 
—COOH 


Amun | 





un 


ay 


ae 


o 
or 


sionless units are 

vy X 10° =3.096 
vy X 10°=3.158 
vy X 10° = 3.356 
dp = 2hp/wX 10°=8.922. 


6, = 2ha 
bp . 2hp 


bc = Qhe 


A comparison of these values with those previously 
derived from the ABKY solution of the 60-Mc/sec spec- 
trum shows that the agreement is quite good for all 
parameters except Jcep(Jxy). The reason for this 
discrepancy is not known. The following “‘best”’ values 
for the glycidaldehyde parameters were obtained by 
averaging the two sets of results, with, the 40-Mc/sec 
ones being given double weight: 


5.54 cps 64 =3.096. 


6.32 cps 6p =3.160 


2.06 cps 
4.89 cps 
0.01 cps 
J zp =—0.32 cps 


DISCUSSION 

The ABKY approximation is a definite improvement 
over the simpler ABX Y approximation, but we have 
found it is certainly necessary to iterate the ABKY 
solution to a consistent solution. Usually it will be 
advantageous to iterate the trial values at least twice 
and then extrapolate these values to their approximate 
asymptotic value. This process can then be continued 
by two more iterations leading to a better asymtotic 
value and finally to a consistent solution. This pro- 
cedure was used to advantage on the 60-Mc/sec spec- 
trum, but the 40-Mc/sec spectrum was too perturbed 
to justify the ABKY approximate method. 

In both the ABKY method and the ABCD method, 
the use of the energy levels was found to be far superior 
to the usual direct use of the line positions. In this 
procedure the effects of an error in the measurement of 
a line position has a minimal influence in the determina- 
tion of the constants. In addition, it is easier to analyze 
the 16 energy levels than the 30 or more observed 
transitions. An iterative program based on the transi- 
tions themselves would be much more difficult. 

The agreement between the parameters for the 40 
and the 60-Mc/sec spectra is rather remarkable. It 
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certainly points out the necessity of measuring the 
spectrum a large number of times in order to obtain 
accurate values for the line positions. Unless this is 
done, magnetic field drifts may cause undesirably large 
errors in the position of a given line (see o in Table VI). 

It is interesting to compare the various parameters 
determined for glycidaldehyde with those of other 
epoxides.? (See Table XI.) It is indeed surprising that 
the shielding of the C proton, i.e., the proton nearest the 
R group, is least affected by changes in this group. Also 
the sum of its coupling constants to protons A and B is 
subject to relatively small variations. 

In glycidaldehyde the magnitude of the spin-spin 
coupling between the aldehyde proton and the adjacent 
proton (C) gives us an indication of the average 
dihedral angle. Valence bond calculations by Karplus® 
gave approximately 8 to 9 cps for a dihedral angle of 0° 
and 180°, 2 cps for an angle of 60° and ~0(—0.3) cps 
for an angle of 90°. Experimentally, values of 5 to 8 
cps have been found for angles of 180° and values of 
2 to 4 cps have been found for 60° angles. In glycidalde- 
hyde with the rapid internal rotation of the aldehyde 
groups with respect to the epoxide ring (see below) the 
spin-spin coupling will be an average value weighted 
over the various configurations. Our value of 6.3 cps 
indicates that a configuration with a dihedral angle of 
0° and/or 180° must represent a sizable contribution 
to the average. 

The barriers to internal rotation have been deter- 
mined for a number of related molecules.7~” These are 


ethane CH;— CH; 2750— 3150 cal/mole 
acetaldehyde CH;CHO 1150 
2560 


cal/mole 
propylene oxide 


CH;—CH 
* 


\ 


O 


cal/mole. 


CH: 


If group interactions dominate, i.e., if the changes in 
bond lengths and angles are small and if the potential 
energy is not some complicated function of the two 
groups, then we should estimate that the potential 
barrier hindering internal rotation in glycidaldehyde 
is about 1050+150 cal/mole. This barrier leads essen- 
tially to free rotation on the NMR time scale. 

In acetaldehyde a methyl proton eclipses the alde- 
hyde oxygen atom and the other two methyl protons 
straddle the aldehyde proton. In propylene" one methyl 


5M. Karplus, J. Chem. Phys. 30, 11 (1959). 

7(a) J. D. Kemp and K. S. Pitzer, J. Chem. Phys. 4, 749 
(1936); J. Am. Chem. Soc. 59, 276 (1936); (b) G. B. Kistiakow- 
sky, J. R. Lacher, and F. Stitt, J. Chem. Phys. 6, 407 (1938); 7, 
289 (1939). 

8R. W. Kilb, C. C. Lin, and E. B. Wilson, Jr., J. Chem. Phys. 
26, 1695 (1957). 

9 J. D. Swalen and D. R. Herschbach, J. Chem. Phys. 27, 100 
(1957). 

' 1D. R. Herschbach and J. D. Swalen, J. Chem. Phys. 29, 761 

1958). 

( 4D. R. Herschbach and L. C. Krisher, J. Chem. Phys. 28, 728 

1958). 





NMR SPECTRA OF 


proton eclipses the double bond. We should predict that 
in glycidaldehyde, the aldehyde oxygen probably eclip- 
ses the adjacent proton (C), which is approximately 
trans to proton D. The aldehyde group is probably in 
the same plane as proton C and this plane is perpendicu- 
lar to the plane of the epoxide ring. 

The epoxide ring spin-spin coupling constants Jac 
and Jc are consistent with an eclipsed ethane type 
model according to Karplus’ calculations for these 
constants as a function of the angle. The Jz coupling 


(D) 
H 


Pas 


HCHO 
A (C)(D) 


—( 
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constant is similar to that found in other epoxides so 
we should expect an HCH angle approximately the 
same, i.e., 116°15’+2°. 

The coupling constants across the molecule, Jap 
and Jgp, are much smaller than the other constants. 
The attentuation in passing through one more bond is 
approximately 1/20, i.e., . 


$(Japt+J np) = Fold (Jact Jac) |. 


This is consistent with the finding for other molecules 
where the attenuation is usually about ,'5. It is interest- 
ing that J4p is essentially zero and that J gp is negative. 
In spin propagation the role of cis and trans have been 
reversed, i.e., | Jap | < | Jap | compared with | Jgc | > 
| Jac |. This may be a result of the additional 120° 
bond angle change. 


ACKNOWLEDGMENTS 


We are indebted to G. B. Payne of these laboratories 
for supplying the sample of glycidaldehyde and to Roy 
Johnson of Varian Associates for obtaining the NMR 
spectrum at 60 Mc/sec. 





CHEMICAL PHYSICS 


VOLUME 34, NUMBER 3 MARCH, 1961 


Geometric Basis of Phase Change 


RosBert GINELL* 


Det 


urtment of Chemistry, Brookl 


yn College, Brooklyn, New York 


(Received August 25, 1960) 


\ cor 


sideration of the higher j-mers by association theory shows that starting with the 7 


mer and going 


up to 19-mer, spherically symmetric atoms can pack in an unsymmetrical arrangement in which more bonds 
exist among the atoms in the array than if the atoms were packed symmetrically. The asymmetric pattern 
is then the model for the liquid while the symmetric array yields the crystal. The transition from the liquid 
to the crystal is difficult by homogeneous nucleation because it requires a cooperative effort of, in the neigh- 
borhood of 12-15 atoms. Heterogeneous nucleation is, however, simple since by this mechanism the region 
where the liquid j-mers are more stable than the crystal j-mers is bypassed. Methods of calculating the 


equilibrium constants and the concentrations of the 


Che critical value where the formation of higher close 


of the equilibrium constant exceeds 1. 


| the general theory of association! the aggregation 
of 1-mers (also called clusters) of various sizes is 
described in general, and equations for calculating 
their concentrations are given. Since liquids and solids 
consist essentially of large j-mers, it seems appropriate 
to examine these higher j-mers in greater detail to see 
what light can be shed on the solid and liquid states 
and especially on the transitions between such states. 
It is with this aim that this paper is written. This prob- 
lem has been the subject of many papers which are 
ably summarized by Hirschfelder, Curtiss, and Bird,” 
and Hill* among others. 

In order to simplify the discussion, we shall assume 
first, that the shape of the 1-mer is spherical, and second, 
that the force field surrounding the 1-mer (that is, the 
attractive and repulsive forces) that gives rise to these 
higher j-mers is also spherically symmetric. Naturally, 
these assumptions limit the scope of the conclusions, 
especially the quantitative ones, but they an be modi- 
fied at a later date without sacrificing the basic con- 
cepts that will emerge. The third assumption that we 

| 


shall make is that the bonding process is a stepwise 


procedure; that is, that the bonding process proceeds 


wherever geometrically possible by the formation of one 
bond at one time. The process of forming a multiple 
bond consists then of the successive formation of single 


bonds which are separated in time, although the time 


lapse may be very short. This is a logical assumption 
since, if bonding can occur by a single bond process, the 
likelihood of its proceeding by the formation of two 
bonds simultaneously, is exceedingly remote due to the 
stringent geometric requirements for such simultaneous 


bonding. However, in certain transformations it is 


* On leave 1960-61; Present address: 
versity of Utah, Salt Lake City, Utah. 

1R. Ginell, Ann. N. Y. Acad. Sci. 60, 521 (1955). 

2 J. O. Hirschfelder, C. F. Curtiss and R. B. Bird, Molecular 
Theory of Gases and Liquids (John Wiley & Sons, Inc., New York 
1954). 

3T. L. Hill, Statistical Mechanics 
pany, Inc., New York, 1956). 
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various species are derived from association theory. 
packed j-mers becomes important is when the value 


geometrically impossible (at least for a static model) 
to proceed by a single bond process; in such cases we 
shall consider the simplest bond process which can 
occur. Nonetheless, these multiple bond processes 
between close-packed forms are equivalent to single- 
bond processes involving more loosely packed forms. 
With these assumptions, we shall start with a considera- 
tion of the structure of the higher j-mers. The conclu- 
sions are summarized in Table I and in the text there 
are comments on the various steps and their interpre- 
tations. 


THE 2-MER 


There is little new to be said about the formation of 
the 2-mer. The equations are from an earlier publica- 
+5 1 
Lion. 


THE 3-MER 


There are two forms of the 3-mer possible, the linear 
form and the close-packed (cp) form. The concentra- 
tion of the two species depends entirely on the value 
of the equilibrium constants. The formation of the 
linear 3-mer from the 2-mer and the 1-mer involves the 
formation of a single bond; because we have postulated 
a spherically symmetric force field, undoubtedly the 
energy requirements for forming this single bond are 
the same as the energy requirements for forming a single 
bond between two 1-mers. However, the probabilities 
are different since there are two ends on the 2-mer 
where the 1-mer can combine and break off. Hence, as a 
first and probably good approximation, Ai »= 
2k, 2/2h,2=K. We take ki2=ki, and h.2=h,1, where 
ky is the specific-rate constant of aggregation of two 
1-mers to a 2-mer, and /,, is the specific-rate constant 
of degradation of a 2-mer to two 1-mers. Correspond- 
ingly, the subscripts 1, 2 refer to the process between 
a 1-mer and a 2-mer to form a 3-mer. 

For the concentration of the close-packed 3-mer, the 
problem is a little more complex. According to our 
assumptions the cp form is formed from and decom- 
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4-mers 


Fic. 1. Schematic diagram of all possible 4-mers and the multi- 
plicities involved in their transformations. 


poses into the linear form. We can write the equilib- 
rium constants elementarily in the following way: 


K;(linear) =K2* K1,.¢1in) = 3K * (2hi9/2hia) =3K? 


K3( cp) = K stin® LRotin sep Ise iin) |, 


and 


Rain sep) = ma exp(—e/ RT) 
Lsep(3iiny = ma’ exp(—e’/ RT), 


where m or m’=the multiplicity=the number of ways 
in which the particular step can be done, ¢€ or ¢’= 
energy of activation of the particular step, and @ or 
a’ =the probability that the process will occur given the 
requisite energy conditions. The primed quantities 
refer to the backward step (breaking bonds), the 
unprimed, the forward step (making bonds). Here, 
kn(j) is the specific rate constant of the formation of a 
j-mer from an n-mer, j=” (the j-mer has more bonds 
than the m-mer), ki,n:j;) is the specific-rate constant of 
the formation of a j7-mer from an n-mer and a 1-mer; 
j=n+1, / in general is used in a sense opposite to k. 
Whereas & denotes the formation of a bond, / denotes 
the breaking of bonds. 

To a first approximation we can take the energy 
factors € to be identical for all formation steps, and ¢’ 
to be separately identical for all degradation steps. 
(e is not however equal to e’.) The multiplicity of the 
various steps can be calculated and we have done so 
later. The factors a and a’ are however, difficult to specify 
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exactly. While in the case of the formation of a bond 
from a 1-mer and an n-mer, the a@ factor is probably 
equal or close to equal, to the a@ factor in the 1-mer-1- 
mer reaction; in the formation of the second or close- 
packing bonds, they are probably not equal. However, 
in this paper we shall assume that the a and a’ factors 
in all cases are, respectively, equal. While this is un- 
doubtedly a poor approximation, it will simplify our 
results without disturbing their qualitative significance. 
The exact quantitative evaluation which is possible 
pragmatically, will be reserved for a later paper where 
an analysis of the values in a real substance will be 
undertaken, 
The result of this assumption is that 


Raci) = Mn jk1,1 = Mni jk 


Lin) _ m’ icnyl aes m’ inyl. 
This is equivalent to stating that all bonds are alike 
and are the same as a single bond. The values for the 


3-mer in Table I were calculated using this assumption. 


THE 4-MER AND SHORT CALCULATION OF THE 
CONCENTRATION 


As can be seen from Fig. 1, the 4-mer process is 
more complex. There are six forms possible, of which 
one is close packed. Following the process described in a 
previous publication! of writing the differential equa- 
tions describing the growth and degradation of the 
various species, summing the equations, and equating 
to zero (since this is an equilibrium process), we arrive 
at the following set of equations: 

Ry atin cat) Matin — Lar castiny M41 — Rar atv) tart lary an Marv 
— Rar Matlhan ayant =O 
Ry ging) Malin — lara, gliny Mara — Ra ay Mart 
+h tan =0 
Ry sep A111) M1Mgep — Lart1.( sep) Mart Ranta Mant 
— srry Matt Rata ta lara art 
— Ranravyy nantly ary tay =0 
Rararyyta— lary ap nary — Rarv avy Marv + lav ary) tay = 0 
Retravynani— lav ary ntav t+ Rary avy tary — lav avy tay 
— Rwavytayvthyiavynavi =9 


(4) 


Ryvaviytay—laviavytavi = 9. 
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On using Eqs. (3) and (3’) and the multiplicities 
shown on Fig. 1, the values of the rate constants are 


Ry stint) = 2k; Lsr(1,3tiny = 21 


Ratatv) =k; lyty a1) = 41 


Rat cari) = 2k; 


Lyritar = 2l 


Ry stingy =; Lyra siin) = 31 


Rar = 3k; 


Lanta =l 


Ratveav) = 2k; ly arty) =! 


Ri sepalip =3k; Lyrtt4 sep) =! 


Ratttav) = 2k; lyy ain = 41 


kwvavy = 2k; lywiavy) =6l. (5) 
On substituting the values from Eq. (5) into Eq. (4), 
dividing by /, and solving the resulting set of equations 
simultaneously, we get values for the concentrations 
shown in Table I. 

There is a simpler method possible for arriving at the 
concentrations of the various species, which avoids the 
necessity of solving simultaneous equations and also 
obviates the necessity of considering all possible species. 
This method is to follow any path, of reaction desired 
to the final product. The concentration of the final 
product will then be the product of the equilibrium 
constants along the chosen path. By this method 
identical answers are obtained. For instance by this 


a se a 
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5-mers 


Fic. 2. Schematic diagram of all possible 5-mers. 


BASIS OF 


PHASE CHANGE 


5-mer to 6a-mer 


6a-mer to 6t-mer 


Fic. 3. Schematic diagram showing conversion of cp 5-mer to 
the 6a-mer and the transition of a 6a-mer to a 6f-mer. (Numbers 
give the number of bonds of each atom.) 


method, 
Ngep= K gop (3k+ 2k+ 2k/1- 41+ 6l)ny= 5K? 3 Ke nf=7,Kony, 
(6) 


which result is the same as that obtained via the simul- 
taneous equations. This method has further utility 
especially in the consideration of the more complex 
species since varying the paths by which one obtains a 
particular species should always yield the same final 
concentration. If one obtains differing answers, then 
it is obvious that somewhere one has chosen the wrong 
multiplicities. 
THE 5-MER PROCESS 


As can be seen from Fig. 2 there are 20 different 5- 
mers. All these forms are loose mobile forms, able to 
move forward or back a generation by breaking or mak- 
ing one bond. The concentrations of the various forms 
can be easily calculated, although in Table I only the 
concentration of the close-packed form is given. 


THE 6-MER PROCESS 


In the 6-mer there are many more forms than in the 
5-mer. However, most important are the two close- 
packed forms (Fig. 3). The route chosen to calculate 
the concentration of the 6f-mer is by a transition from 
the 6a-mer, however, it can be formed directly from the 
loose forms of the 5-mer. The numbers attached to the 
component atoms in the 6-mer denote the number of 
bonds each atom has. 


THE 7-MER PROCESS 


The 7-mer, in addition to many loose forms, has a 
number of close-packed forms. Four of these forms are 
straightforward and unambiguous, the 7b-mer which has 
both D and L forms, the 7c-mer and the 7/-mer (see 
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Fig. +). These forms have 15 bonds each and can trans- 
form from one to another. The 7a-mer, however, is 
unusual. Owing to the geometric relationships, when 
one makes the 15th bond, the final atom comes ex- 
tremely close to another atom; that is, one simultane- 
ously makes a 16th bond. This 16th bond is about 
10.9°% longer than the other 15 bonds as derived from 


actual measurements on a static model. In addition, 


K 
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5. Schematic diagram of all possible close-packed 8-mers. 


GINELL 


this bond can move from its original position to any 
position around the five ring, since the activation energy 
is very slight. This can be readily seen from models. 
(See Fig. 6.) While the potential barrier to be sur- 
mounted in order to transform a 7b-mer to a 7c-mer 
is relatively high, the barrier existing in the 7a-mers 
is much lower. This means that the weak bond can 
wander around the ring. It can also go to the central 
atoms so that the 6’—6’ bond becomes the weak 
bond; here there is no activation energy barrier. 
Hence, the equilibrium form that this form probably 
assumes is either the 7a’-mer, or a 7a-mer, where all 
the bonds are a little longer, the extra 10.9% being 
distributed over all the bonds. This of course makes 
the concentration calculation a little more difficult. 
We have assumed that there are six forms, five of 
which are degenerate by the following reasoning: 
We assume that the weak bond can occupy any of 
the 4’—4’ positions giving five identical (degenerate 
forms) and that the 6th form is where the weak bond 
is the 6’—6’ bond. However, as previously discussed, 
if all the bonds loosen to some extent so as to get a 


Fic. 6. Photograph of a model of 7a-mer is on the left showing 
the a bond. On the right is a model of a 7a’-mer. 


form intermediate between all these forms then the 
concentration calculation is probably not correct and 
the concentration is still higher than that given; 
hence, the factor 6 should be replaced by a factor w of 
undetermined magnitude. 

The result of this much higher concentration of the 
7a-mer is that most of the close-packed 7-mer will be 
in the 7a-mer form. However, as can be seen from an 
examination of models, the 7a-mer cannot give rise to a 
regular crystalline array; the only form in the 7-mers 
that will, is the 7/-mer. 


THE 8-MER AND HIGHER FORMS 


Pursuing this trend of thought we can see that in the 
8-mer (Fig. 5), where 15 close-packed forms exist, the 
concentration of the 8a-mer is predominant. In the 
higher j-mers as can be seen from Table II, the process 
of forming these weaker a bonds is further carried on in 
the a forms, while the ¢ forms only make regular bonds. 


GAS PHASE 
For quantitative and qualitative predictions we must 
consider the absolute value of A. If K is substantially 
less than 1, then the substance is in the gas phase. This 
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TABLE II. Number of bonds for most 


close packed species (¢ & a series). 











a form t form (cp) 


No. 3 


bonds 


No. atoms 
3 bonds 


total No. 
bonds 


No. weaker 
bonds 


No. regular 
bonds 


total No. regular 
Species bonds 





3-mer 
mer 
5-mer 
mer 
7-mer 
s-mer 
mer 
mer 
mer 
2-mer 
3-mer 
4-mer 
5-mer 
mer 
7-mer 
‘-mer 
19-mer 
consideration of the following 


can be from a 


equations, 


seen 


DiC = Ci + 2C24+3C34-+++mCn, 
j==] 


where C,, is the concentration of the mth species, the 
largest present in the system. Substituting the values 
for C, in the right-hand side of Eq. (7) gives 
SiC ;= C+ 2K2C 24 3[ Ks ]CY+4( Ky CY 
i=l 

+++9mlKn]Cy", (8) 


where [K;] is equal to the sum of the K ; for the various 
species. Invertingt Eq. (8) we get 
~ 


C, = dod. siC,)*, 
1 


r=! 


where 


dyn — 2K 

d;=8K/—3(Ks3] 

d= —40K3+ 30K.[K3 ]—40K, | 

d;=224K4—252K2[K3]+48K[K;] 
+27[Ks?—5[Ks], 


‘'R. Ginell, J. Chem. Phys. 23, 2395 (1955). 





Although Eq. (8) is for a finite series, it can be inverted 
just as an infinite series to give Eq. (9) if one discards 
in the coefficients of d,, all the A; where 7>m™. Now 


m 


DiC =g/MV, 
i=1 
where g is the weight of sample in a volume V and 
M is the weight in grams of an Avogadro number of 
the 1-mer. Hence, this is an experimental quantity. 
If one substitutes the values of K from Table I° in 
[K;], one gets 


[Ks ]=(K?/2+3K°) V? 
[K.J=[K?/2+K?/6+K!/24+K*/8+ K°/44K9/12 V3 
= (4/6K°+5/8K*+ K°/44+K°/12)V3, ete. 


One can readily see that when K is small and less than 1, 
the species that are present in greatest abundance are 
the lower forms (j small) and the loose forms. (Since 
the loose forms have fewer bonds, K is raised toa 
lower power.) For instance, in helium® at about 200°K, 
Kz is approximately 10~*. This means that the system 
will consist mainly of 1-mers to the extent of about 
99,9991% and the greater part of the rest will be 2- 
mers. This is essentially the classical picture we have of 

5 The K’s in Eqs. (8) and (9) are K. while the K’s from 
Table I are K y hence the necessity of inserting the V" which are 
the conversion factors. 

® R. Ginell (to be published). 
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Fic. 7. Photograph of model at left is a 19a-mer which is a 
liquid array, model at right is a 19¢-mer which is a crystal array. 


a gas. As the temperature decreases Ky increases in 
value. 


LIQUID AND SOLID STATES 


As the value of K increases, the number of higher 
j-mers increases. However in the 7-mer the form having 
the preponderant concentration is the 7a-mer. This 
preponderance increases in the 8a-mer and higher j- 
mers. When the value of K exceeds 1, then the concen- 
tration of the close packed forms exceeds the concen- 
tration of the loose packed forms. The great majority 
or these forms are however in the a state. (The power 
to which K is raised is equal to the number of bonds). 
However, the a state is not regular in the sense that 
they cannot give rise to a regular crystal form. The 
only way to go to a regular crystal is through the ¢ 
forms, which however are very few in number and which 
have fewer bonds. As a result a liquid consisting of a 
forms condenses from the gas. 

These ja-mers would correspond to the solid like 
phase postulated by Eyring’ and co-workers in their 
treatment of the liquid state and also would fulfill 
the criteria of Bernal’s® prenuclei. The internal particles 
in the ja-mers have a coordination number of 12 but 
exhibit fivefold symmetry. 


MECHANISM OF THE GROWTH PROCESS 


If the rate of growth is slow and K is greater than 1, 
then a 1-mer when it strikes a j-mer, loses its freedom 
of translation relative to the j-mer and now has 1° 
of vibrational freedom and 2° of rotational freedom. 
It is, however, at the crest of a potential energy hill and 
falls down making a second bond and further down 
making a third bond. It is now in a 3-hole where it is 
at a potential energy minimum. The only degrees of 
freedom that it has are vibrational degrees. It can 
escape from this 3-hole by breaking one bond going 
over a potential energy barrier and falling into another 
hole (potential energy minimum). If this is a 3-hole, the 

7H. Eyring, T. Ree, and N. Hirai, Proc. Natl. Acad. Sci 
U. S. 44, 683 (1958); E. J. Fuller, T. Ree, and H. Eyring, ibid 
45, 1594 (1959); C. M. Carlson, H. Eyring, and T. Ree, ibid. 46, 
333 (1960); T. R. Thomson, H. Eyring, and T. Ree, ibid. 46, 
336 (1960); C. M. Carlson, H. Eyring, and T. Ree, ibid. 46, 649 

1960 


’ J. D. Bernal, Nature 185, 68 (1960). 
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particle continues to move over the surface in a series 
of jumps from one 3-hole to another 3-hole. Occasion- 
ally it may fall into a 4-hole. Here it has formed two 
new bonds and is at a lower energy level than in a three 
hole and needs twice as much energy to escape because 
from the geometry, it can no longer break one bond at a 
time but must break two bonds simultaneously. The 
process could also proceed through one of the looser 
forms breaking several bonds, one at a time, succes- 
sively but this is also a difficult process. The result is 
that a 4-hole is a relatively stable position. Similarly, 
escape from a 5-hole or higher is progressively more 
difficult. 

In Table II we exhibit the results obtained by taking 
the 7a-mer and the 7/-mer and growing them in this way 
(using models) and for each step figuring the most close- 
packed system. (See Fig. 7.) The number of bonds re- 
sulting are given in the table. For the ja-mer, this is an 
exceedingly difficult process since the ja-mer must in 
reality be quite mobile, while the actual models are 
static. However, it can be seen that the growth is not 
quite regular and that while the number of bonds in 
jt-mers is equal to the number of regular bonds in the 
ja-mer till the 9-mer, the ja-mer contains a number of 
extra bonds (weaker bonds). The number of bonds in 
the ji-mers, which. are all normal bonds, increase and 
after the 9-mer exceed the number of regular bonds in 
the ja-mer. But up to the 19-mer the ja-mer still has a 
greater number of bonds (counting both weak and re- 
gular). However, the a-series does not give rise to a 
regular structure while the ¢-series does. This means 
that when a gas condenses slowly it goes to form a 
liquid. 

To convert this liquid to a crystal means that the 
value of K must be such that the high jf-mers are 
stable compared to the a forms and a cooperative 
endeavor involving in the neighborhood of 12 to 15 
atoms must ensue. These 12 to 15 atoms must re- 
arrange themselves to an unstable ji-mer that can then 
grow to a size that is stable compared to ja-mers of 
corresponding size. This is naturally a difficult process 
and hence homogeneous nucleation occurs only with 
great difficulty and then only at lower temperatures 
where K is greater. 

Heterogeneous nucleation is however comparatively 
easy. If one seeds the liquid (whose K is in the right 
range) with micro crystals or with a foreign substance 
whose interatomic distances are correct, then one has 
effectively bypassed the region where the ji-mers are 
unstable. Hence crystal growth proceeds readily and 
can be extremely rapid. 
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Nonequilibrium NO y-band emission has been observed behind incident shock waves in rare gas-air 
mixtures in the approximate temperature range, 5000-10 000°K. Vibrational relaxation times for collisional 
de-excitation of NO(A ?2*+) were measured. The measured relaxation times were used to calculate Pio, the 
probability for collisional de-excitation of the v’=1 level of the A 2Z* state; Pio ranges from about 3 107% 


at 5000°K to 31074 at 10 000°K. 


HE study of nonequilibrium emission of radiation 

behind shock waves has been receiving increasing 
attention. When a molecule is formed by recombination 
of atoms, the upper vibrational energy levels have an 
initial population in excess of that at equilibrium. If 
the electronic state involved is not the ground state, 
then electronic transitions originating from the highly 
populated upper vibrational levels will result in visible 
or ultraviolet band emission which exceeds the same 
band emission in intensity under conditions of thermal 
equilibrium. In addition, the relative intensities of the 
emitted bands during the approach to an equilibrium 
distribution of vibrational energy will be different 
from those observed when equilibrium is finally at- 
tained. Since vibrational equilibration is slow compared 
to translational and rotational equilibration, it is 
possible, with rather simple techniques, to observe a 
changing intensity distribution in the bands emitted by 
electronically excited molecules behind strong shock 
waves. This has been observed, for the violet band 
system of CN.! 

It is known that the NO concentration behind strong 
shock waves in air overshoots its equilibrium value 
during the approach to chemical equilibrium.? Thus, it 
may be expected that the population of excited elec- 
tronic states of NO also exceeds an equilibrium popula- 
tion and that vibrational relaxation effects in the upper 
electronic states will be observed. Vibrational relaxa- 
tion of NO in its ground electronic state has been 
measured* but no attempt had been made to observe 
this phenomenon in any of the excited electronic 
states. 

EXPERIMENTAL 


A 1-in. i.d. glass and quartz shock tube with high and 
low pressure sections 1 and 2 m long, respectively, was 

+ This work supported by the Bendix Corporation under con- 
tract to the Army Rocket and Guided Missile Agency, Hunts- 
ville, Alabama. 

1W. Roth, J. Chem. Phys. 31, 720, 1683 (1959). This paper 
indicated incorrectly that the ratio of equilibrium populations, 
Ni/No in the B*Z* state was 0.8. The correct statement should 
be: “the ratio of equilibrium intensities J,/Joo in the B?>+ 
state is about 0.6.” 

2 J. J. Allport, Bull. Am. Phys. Soc. Ser. IT, 4, 328 (1959). 

3 F. Robben, J. Chem. Phys. 31, 420 (1959). 


used to produce shock waves in pure Xe or Ar and in 
these same gases containing up to 5% of room air. The 
rare gases used were Airco Assayed reagent grade 
contained in Pyrex break-seal vessels. One batch of Xe 
contained 0.04 mole % of Kr but all other batches of 
Xe and Ar used contained no mass spectrometrically 
detectable impurities. Incident shocks in the Mach 
number range, M,~8-11 were produced in Xe, with 
and without air, using a He driver, and for Ar a Hp 
driver was used to produce M,=8-10. 

The shock tube was instrumented as described 
earlier'* with velocity stations consisting of a series of 
reflecting surfaces cut into a Lucite rod leading to an 
unfiltered 1P21 photomultiplier tube. A grating mono- 
chromator-1P28 photomultiplier combination was used 
to observe the emitted light, and its }-mm entrance slit 
was exactly opposite the slit of one of the velocity 
stations located 37 cm from the downstream end of the 
shock tube. Velocity records with nine photomultiplier 
stations, spaced 20 cm apart, indicated that in the M, 
range produced in this work, the shock velocity re- 
mained constant in a region from 25 to 75 cm from the 
downstream end of the shock tube and decreased on 
either side of this region. 

The entrance and exit slit widths of the mono- 
chromator resulted in a spectral half-width of 55 A. 
With a monochromator setting of 2250 A it was pos- 
sible to observe the combined temporal behavior of 
y(1, 1) and (0, 0) emission at 2244 and 2269 A, 
respectively. In order to observe depopulation of the 
v’=1 level of the A *2* state, uncomplicated by any 
superimposed emission from v’=0, it was found con- 
venient to use a monochromator setting of 2810 A thus 
isolating the y(1, 6) band. 

The temporal behavior of y-band emission with 
respect to the shock front was observed by displaying 
both the velocity station and monochromator signals 
on the oscilloscope while chopping the sweep at 100 
ke. 

Spectra of incident shocks were photographed with a 
Hilger Medium Quartz Prism spectrograph using a 
103-0 uv sensitive plate. The spectrum of a Hg germi- 


*W. Roth and P. Gloersen, J. Chem. Phys. 29, 820 (1958). 
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[ase I. Bands observed in spectrum of 25 incident shock waves 
in Xe containing up to 5% air. 
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lamp was superimposed for wavelength calibra- 


RESULTS 


Xenon 


The spectrum of 25 incident shocks of various 
strengths in Xe containing up to 5% air was photo- 
graphed by multiple exposure of the shocks as they 
swept by the spectrograph slit. The slit was positioned 
sufficiently far from the end of the shock tube to avoid 
exposure by radiation behind the reflected shock wave. 
This radiation was quenched by intersection of the 
reflected shock front and contact surface at a point 
far closer to the end of the tube. The bands observed 
are listed in Table I. In conformance with an earlier 
observation,! the relative intensities of the CN-violet 
bands were in reverse order from that observed in flames 
and discharges, and from that which could be cal- 
culated from known transition probabilities assuming 
equilibrium emission at any of the 
attained behind the shock fronts. 

Figure 1 indicates the type of oscilloscope record 


temperatures 


obtained when a shock wave was produced in pure Xe. 
The upper trace represents the visible light signal from 
one of the velocity stations. The first peak is associated 
with impurity emission at the shock front. The second 
peak is continuum emission from Xe.‘ The lower trace 
is the simultaneously recorded signal from the mono- 
chromator set at 2250 A. Figure 2 is a similar record 
obtained for Xe+2.5% air. The upper trace here ex- 
hibits a series of peaks following the shock front which 
was identified CN-violet emission.! 


earlier as band 


Fic. 1. Radiation from incident shock in pure Xe. Upper trace, 
visible radiation; Lower trace, 2250-A radiation; Sweep speed, 
10 uwsec/cm, chopped sweep. 
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Fic. 2. Radiation from incident shock in Xe+2.5% air. Upper 
trace, visible radiation; Lower trace, 2250-A radiation; Sweep 
speed, 10 wsec/cm, chopped sweep. 


In the lower trace, NO y-band emission [(1,1) and 
(0, 0) ] is seen to peak about 8 usec (uncorrected for 
flow behind the shock) after passage of the shock 
front and this is followed by a peak in Xe continuum 
emission. When the sweep speed is increased and not 
chopped, the NO y emission is resolved into two peaks 
as shown in Fig. 3 and these are followed by the peak 
in Xe continuum emission. The first peak represents 
y(1, 1) and the second is y(0, 0). 

The following sequence of reactions, modified some- 
what from that proposed earlier for nonequilibrium CN 
emission,! is employed to account for the observed 
results: 

ky kg 
N+O0O-NO(A 22+) prage2NO( Xr) ye ith. 
M kg! 
ky ke 
NO( A? 3+) pas —NO(A 22+) pe 2NO( Xa) ov 


ke! 


5 


ithy. 


(7) 


k 


4 
A 21 ) yal € >NO( X29) yr i + hv. 


NO(A 23+) par NO(z 
M 


In (1) we assume that the NO(A 2+) is initially 
formed in v’=3 inasmuch as no y-band transitions 
originating from v’>3 have ever been observed. If our 
observations are restricted to y(1, 1) and y(0, 0) 


Fic. 3. 2250 A radiation from incident shock in Xe+2.5% air. 
Peaks represent (1,1), (0,0) and Xe continuum radiation, 
respectively. Sweep speed, 5 wsec/cm. 
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only, and if we choose the peak of y(1, 1) as our time 
origin, then we are concerned only with (3) and (4) 
and this is case, i=0. It is assumed that, at the peak 
of y(1, 1), the population of v= 1>>0’=z. The reverse 
reaction 
ky 
NO(A 22+) prego? NO(A 22+) prt (3) 
M 


is neglected inasmuch as the fully allowed electronic 
transition rate constant k2 is very much greater than 
the vibrational transition rate constant k’;, and the 
equilibrium 


ky 
y eae 
kl 


is not attained. Similarly, k2>k,, and it can be shown! 
that the time between y(1, 1) and y(0, 0) peaks, which 
is equivalent to the period between the time origin and 
steady state y(0, 0) emission, is given by 


[NO(A 23+) wat] 


=[k,(M) ] at "=7 InR, (6) 


"ENO( A 23+) yo |e 


where ¢ is corrected for gas flow behind the shock, 7 
is the density dependent vibrational relaxation time 
for v’=1—v'=0 and the concentration ratio R is 
equivalent to the ratio of the intensity of y(1, 1) at its 
peak to that at the time of steady state in (0, 0) 
emission. This is simply a function of the depopulation 
rate of the v’= 1 state and can be measured by observing 
the decay rate of any electronic transition originating 
in v'=1. It has been found most convenient in these 
experiments to isolate the y(1, 6) emission at 2810 A 
for this purpose. A typical record is shown in Fig. 4. 
Each shock condition for which ¢ was measured was 
duplicated as closely as possible for a measurement of 
R in this way. Relaxation times 7 calculated from 
measurements of ¢ and R are given in Table II for a 
range of temperatures and Xe densities behind the 
shock and for initial air concentrations of 2.5 and 5.0 
mole %. T was calculated to the nearest 25°, from the 
measured incident shock Mach numbers. The sound 
velocities in Xe+2.5 % air and Xe+5.0 % air were 
taken as 0.181 and 0.185 mm/uysec, respectively, and 
an averaged specific heat ratio y was used for each case. 


Fic. 4. 2810 A radiation from incident shock in Xe+2.5% air. 
Decay rate of y(1,6) radiation. Sweep speed, 5 wsec/cm. 
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TABLE II. Relaxation times for v’=1—2'=0 in the 


Xe" 


im a PY 
i, = 10% cm=? 


9900 





8875 
8875 
8825 


8275 


97: ade ‘ 49 
7400 P : 91 


7125 56 


6950 i b 41 
6700 L 46 
6650 a : 64 
0375 yh 5 56 


5425 ye 2? 106 


* Initial pressures in the low pressure section of the shock tube were 1 mm and 
2 mm for pXe equal to ~1.25X 10" cm~’ and 


~2.5X 10% cm™’, respectively 
The air was assumed to be undissociated since the extent 
of dissociation relaxation during vibrational equilibra- 
tion was unknown and changing. 

P\) the probability of the radiationless transition 
v’ =1—v'=0, was calculated from 7 for each tempera- 
ture and density in Table II. This is simply the re- 
ciprocal of the number of collisions during the life +r 
of the v’ =1—v’=0 process. In calculating the collision 
frequency, the kinetic cross section of the NO( A 23+) 
molecule was taken as 2.86 A. This value was obtained 
by adding 1.8 A to the spectroscopically determined 
equilibrium internuclear distance.’ Theoretical treat- 
ments by Landau and Teller® and Schwartz and 
Herzfeld’ both indicate an approximate 7+ dependence 
of log Pio. A plot of this type, of the results of this work, 
is shown in Fig. 5. It will be noted that Py is apparently 
independent of px. and initial air concentration, as 
expected. Widom® has suggested that logPi is more 
properly a linear function of 7~? or T. While a plot of 
the data as a function of 7! appeared about as good as 
the 7 plot, the variation with T exhibited more 
scatter than shown in Fig. 5, particularly at high 
values of T. 


5 J. O. Hirschfelder and M. A. Eliason, Ann. N. Y. Acad. Sci. 
67, 451 (1957). 

®H. A. Bethe and E. Teller, Ballistic Research Labs. Rept. 
X117 (1941). 

‘K. E. Herzfeld, “Relaxation phenomena in gases” in Therm: 
dynamics and Physics of Matter (Princeton University 
Princeton, New Jersey, 1955), p. 646. 

*B. Widom, J. Chem. Phys. 27, 940 


Press, 


1957). 
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Fic. 5. Temperature dependence of the probability of a v’= 
1—v’=0 transition in NO(A 22*). Open symbols refer to 2.5% 
initial air. Circles refer to px. of about 1.2510" cm™. Triangles 
refer to pxe of about 2.510" cm~ 
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Definitive results were unobtainable in Ar. It was 
immediately apparent that the intensity ratio Jo o/lia 
was twice that observed in Xe and that the y(0, 0) 
emission was much broader in time and had a much 
flatter peak than the same emission in Xe. These effects 
were so pronounced that it was not possible to resolve 
y(1, 1) and y(0, 0) peaks when the initial air concen- 
tration was less than 5%. Furthermore, it proved 
impossible to isolate any y-band emission originating 
in v’=1 from emission originating in v’=0, Emission 
from v’=0 appeared to have broadened. Presumably, 
however, isolation could have been effected if a smaller 
spectral half-width had been employed. 

Despite the observational difficulties, a number of 
measurements were made of the time between y(1, 1) 
and y(0, 0) emission peaks in Ar containing 5% air. 
These gross results appeared to fall within the experi- 
mental scatter of the results obtained in Xe so that 
Xe and Ar do not appear to differ greatly in their 
ability to remove vibrational energy from NO(A 22+). 

DISCUSSION 

Rough estimates, based on the work of Mirels® 
and Duff,” indicated that, for the experimental condi- 
tions reported here, the boundary layer thickness at 


® H. Mirels, NACA TN-3401 (1955); NACA TN-3712 (1956). 
1 R. E. Duff, Phys. Fluids 2, 207 (1959). 
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distances behind the shock fronts corresponding to the 
measured relaxation times, was always less than 2 mm. 
This estimate, together with the reported constancy of 
the shock velocity in the region of measurement, is 
considered sufficient evidence to justify the assumption 
of constant conditions in the relaxation region. Further- 
more, while the boundary layer thickness could affect 
emission intensities, it could have no effect on the time 
to steady-state emission. Only the latter quantity was 
measured in this work. 

A straight line was drawn, by eye, through the points 
in Fig. 5 and extrapolated slightly at each end to cover 
the range 5000-10 000°K. Pio values, thus obtained at 
1000° intervals, were used to compute relaxation times 
at densities referred to a pressure of 1 atm for compari- 
son with other relaxation times reported in the litera- 
ture in this manner. The results are given in Table III. 

Unfortunately, data on the relaxation time to equilib- 
rium NO formation do not extend above about 
3500°K," but a further extrapolation of the results in 
Table III suggests that NO(A?=*) has relaxed to 
vibrational equilibrium before NO formation has 
reached equilibrium. This reduces the magnitude of the 
error in the calculated T in Table I and Fig. 5. 

The vibrational frequency and anharmonicity con- 
stant of the A ?* state of NO indicate a dissociation 
level at about 14 ev above the zero level of the ground 
electronic state. However, y-band emission originating 
from v’>3 has never been observed and this has been 
attributed to a crossing of the A *2*+ and Bm states at a 
point between the v’ =3 and the v’ =4 level of the former 
state.” This, and a further perturbation of B*r by 
other states, allows NO( A 22*) to be formed by inverse 
predissociation from normal atoms having relative 
velocities equivalent to about 6.5 ev. This relatively 


low-energy requirement explains why y-band emission 


is so readily stimulated in the temperature range con- 
sidered here. On the other hand, similar arguments can 
be used to show that 8-band emission should also be 
easy to produce and this emission could possibly inter- 
fere with measurements at wavelengths where the two 
band systems overlap. However, it has been found that, 
at these high temperatures, the §-band system is 
smeared out into a continuum with no apparent struc- 
ture’ and therefore, in the small wavelength interval 


TABLE III. Relaxation times referred to density at 1 atm pressure 
for v’=1—'=0 in NO (A 22*). 


ee 3 


9000 =10 000 


5000 7000 8000 





T, usec 28 18 12 8 6 5 








11 W. E. Gibson and F. K. Moore, Cornell Aeronautical Lab., 
Rept. No. HF-1056-A-2 (1958). 
. 2 Y. Tanaka, J. Chem. Phys. 22, 2045 (1954); J. T. Vander- 
slice, E. A. Mason, and W. G. Maisch, ibid. 31, 738 (1959). 

13 J. C. Keck, J. C. Camm, B. Kivel, and T. Wentink, Ann. 
Phys. N. Y. 7, 1 (1959). 
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in which relaxation was measured here, 6-band emis- 
sion was probably insignificantly weak. 

The change in intensity ratio of y(0, 0) and y(1, 1) 
when Ar was used instead of Xe and the apparent 
broadening of (0, 0) is consistent with some recent 
observations" in which addition of He to the NO after- 
glow caused a change in intensity distribution in the 
y bands. This was attributed to the formation of ex- 
cited NO in the three-body reaction, 


N(4S) +O(3P) +M—NO*+M, 


where the nature of the third body affects the distribu- 
tion of vibrational energy during the formation of an 
intermediate state of NO. It is possible, therefore, that 
Ar and Xe are sufficiently different as third bodies to 


4C. A. Barth, W. J. Schade, and J. Kaplan, J. Chem. Phys. 
30, 347 (1959). 
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have produced the observed effect. However, in view of 
the paucity of experimental results on this effect at 
the present time, there are other equally valid explana- 
tions. For example, the intensity of the aforementioned 
8-band continuum radiation may be enhanced when 
Ar is the third body involved in formation of NO*. 

It has been shown® that for vibrational levels whose 
end points are not far removed from the equilibrium 
internuclear distance (i.e., small v), Py» i=vP. 
Thus since NO(A?=*) is apparently formed at v’=3, 
for any T and p, the total relaxation time from the time 
of formation is only about 1.83 rio. 

The results reported here and in an earlier publica- 
tion! appear to indicate that for relatively nonpolar 
molecules, the predicted temperature dependence 
of the vibrational relaxation time** is the same for 
excited electronic states as it is for ground states. 
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S. R. La PaGiia Anp A. B. F. DuNCAN 


Department of Chemistry, University of Rochester, Rochester, New York 


(Received August 29, 1960) 


The electronic absorption spectrum of NF; was investigated for the first time. At the lowest pressures, 
the long wavelength limit of absorption is at about 960 A in agreement with the lowest ionization potential 
of the molecule (939 A). Quantitative intensity measurements showed a smooth decrease of the absorption 
coefficients to effectively zero at about 1800 A, with no indication of even partly resolved electronic transi- 
tions. Comparisons with the electronic spectrum of ammonia are discussed. The molecular dipole moment is 
used to obtain an equivalent orbital representation of the NF; wave function. 


INTRODUCTION 


HE absorption spectrum and excited electronic 
states of ammonia have been extensively studied,! 
but we have no information on the excited electronic 
states of nitrogen trifluoride. It was expected that the 
lower excited states of NF3 are associated with excita- 
tion of an electron from a lone-pair orbital on the 
nitrogen atom, as in ammonia. It was further expected 
that the lowest electronic transition and lowest ioniza- 
tion energy would have values similar to the values for 
ammonia. 
The molecular dipole moment of NF; is 0.234 debye 
and was first reported by Watson et a/.? It has since been 


* Part of a dissertation submitted by S. R. La Paglia to the 
Graduate School of the University of Rochester in partial ful- 
fillment of the requirements for the degree of Doctor of Philoso- 
phy. This research was supported in part by the Office of Naval 
Research. 

1 A.B. F. Duncan, Phys. Rev. 47, 822 (1935). 

2H. E. Watson, G. P. Kane, and K. L. Ramaswamy, Proc. 
Roy. Soc. (London) A156, 130, 144 (1936). 


confirmed several times.’ However, this small value 
of the moment does not necessarily indicate an almost 
planar structure. According to the electron diffraction 
work of Schomaker and Lu,’ the F~N-F angle is 102° 5’, 
and the N—F bond length is 1.37 A. The structural 
data have been confirmed by Wilson,® Pace, and Pierce,’ 
from infrared spectra, and by Gordy,® with microwave 
measurements. 

In order to account for the unexpectedly small dipole 
moment, later authors have unanimously ascribed it to 
an almost perfect cancellation of the bond moment 
by an atomic moment of opposite sign which arises 
from s— p hybridization of the nitrogen lone pair. 


3 W. Gordy and S. N. Ghosh, J. Chem. Phys. 21, 308 (1953). 

*O. R. Gilliam, H. D. Edwards, and W. Gordy, Phys. Rev. 
75, 1014 (1949). 

5V. Schomaker and C. S. Lu, J. Am. Chem. Soc. 72, 1182 
(1950). 

6M. Wilson and S. Polo, J. Chem. Phys. 20, 1716 (1952). 

7E. Pace and L. Pierce, J. Chem. Phys. 23, 1248 (1955). 

8 W. Gordy and J. Sheridan, Phys. Rev. 79, 513 (1950). 
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EXPERIMENTAL PROCEDURE AND RESULTS 


The absorption spectra were photographed in the 
first order of a 2-m radius of curvature grating ruled 
30 000 lines/in. on a 4-in. ruled surface. For investiga- 
tion of the region 2000— 1500 A, the NF; was contained 
in a fused quartz cell, 10 cm in length, with plane-end 
windows, placed in front of the slit of the spectrograph. 
A hydrogen discharge furnished a good continuum to 
1700' A. At shorter wavelengths a Lyman source was 
used and the NF; was contained in the spectrograph 
itself. Kodak SWR plates were used in most of the 
work, but Kodak II-O and III-O UV sensitized plates 
were used for quantitative measurements of absorption 
coefficients. 

NF; was obtained from a commercial source and 
contained about 2% air, which led initially to absorption 
by NO. However, this impurity was completely re- 
moved by pumping the sample through a train of traps 
at 90°K, 77°K, and 63°K. A second sample® was puri- 
fied in the same way. Infrared and mass spectroscopic 
analysis showed no detectable impurities in the two 
samples used after this treatment. 

The absorption was apparently continuous, with no 
visual indication of resolved electronic transitions. 
Quantitative measurements were therefore made in an 
effort to observe incompletely resolved, electronic 
transitions on a plot of absorption coefficient vs wave- 
length. In these measurements, NF3 was confined in 
the spectrograph and was separated from the hydrogen- 
discharge background source by a LiF window which 
transmitted to about 1250 A. The pressure of NF; was 
measured by calibrated-thermocouple and cold-cathode 
ionization Eastman Spectroscopic II-O and 
III-O ultraviolet sensitized plates were used and special 


gauges. 


precautions were taken to insure constant operating 
conditions of the light source. On each plate were four 
or five accurately timed exposures of the source alone 
and one or more timed exposures through the gas. The 
photographic density was then determined from the 


® Obtained through the courtesy of Dr. Cohen and Dr. Schoen 
felder of Reaction Motors. 


calibration spectra and the H and D curves were con- 
structed at a large number of known frequencies. The 
photographic density corresponding to exposure through 
the gas was read from the straight-line portions of the 
curves, and the ratios (t/t) so determined were as- 
sumed equal to (Jo/J). The absorption coefficient used 
here (a) is defined as 


a=(1/Iy) In(Io/1), 


where Jp is the path length in centimeters at 0°C and 
76 cm Hg pressure. In previous experience we found that 
reciprocity-law failure was not serious for these plates; 
however, the over-all error in the absolute values of a 
is probably not less than 20%. The principal interest 
in absorption coefficients here lies in their change 
with frequency, which is subject to a smaller error. 

No indication of shallow maxima or minima could 
be found; instead, the absorption coefficients increased 
in a perfectly regular way with increasing frequency. 
The absorption curve between 55 000 and 80 000 cm 
is shown in Fig. 1. No accurate measurements of absorp- 
tion coefficients could be made above about 80 000 
ros 

At the lowest pressure of NF;, below 0.008 mm, very 
strong absorption is apparent below 960 A (104 170 
cm™'). This wavelength limit is believed to correspond 
to the lowest(vertical) ionization potential of the 
molecule, and is in qualitative agreement with the 
electron bombardment value 939.1 A (10 6480 cm7!) 
reported by Reese and Dibeler."® To accurately locate 
the spectroscopic ionization potential, it is necessary to 
observe the Rydberg-like series of transitions con- 
verging to the ionization limit. No such series was 
found for NFs. 

The lowest ionization potential of NF; is about 2 ev 
higher than that of NH, and there is a corresponding 
shift of the first electronic transition of NF; toward 
higher frequencies, relative to ammonia. However, it 
is still probable that the excitation from the lone-pair 


0 R, Reese and V. Dibeler, J. Chem. Phys. 24, 1175 (1956). 
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orbital of nitrogen is responsible for absorption in both 
molecules. It was considered possible that the observed 
difference in ionization potentials could be accounted 
for by a difference in hybridization in this orbital. This 
possibility was explored in the approximate calculations 
reported in the following section. 


Approximate Wave Functions for NF; and Application 
to the Dipole Moment and Ionization Potential 


The present calculation had two purposes. Primarily 
we wished to find similarities and differences between 
LCAO functions, determined in the same way, which 
might prove helpful in comparing the spectra and 
ionization potentials of NH; and NF3. Secondly, we 
wished to show that the dipole moment of NF; can 
be explained in terms of LCAO functions which allow 
substantial s—p hybridization of the nonbonding 
electrons on both nitrogen and fluorine. 

The LCAO wave functions have the properties of 
localization and direction. For example, the seven 
electrons of fluorine (excluding 1s) are assigned to three 
equivalent orbitals (nonbonding) localized on the side 
of the F atom away from the bond. The remaining F 
electron is assigned to the bond orbital localized along 
the bond. This gives a trigonal symmetry about each F 
atom which is a part of the over-all trigonal symmetry 
of the molecule formed by the three equivalent bond 
orbitals and the lone-pair orbital on nitrogen. The 
latter is directed along the molecular axis in a direction 
defined as +2. 

Specifically, the 26 electrons of the molecule (1s 
excluded) are assigned to these three types of orbitals: 


x8 = cosezNsy+ sine, py” (2 electrons) 


x1.F*= coser’sp+ sine.” pe’ (18 electrons) 


XB,;= NC cosep Sy + sineg’ py Bj) + LM cosez® sp 


+ sines’ pps), (6 electrons) 
where i=1, 2, 3 k=1, 2, 3, py” is a 2p function on N 
in the lone-pair direction, pr’‘ is a 2p function on F in 
the nonbonding direction i, py®+ and pr®i are 2p N 
and F functions directed towards each other along a 
bond (o functions), and sy and sp are 2s N and F func- 
tions. 


The explicit forms of these functions are determined 
by the parameters € which specify the normalized s— p 
hybrids, and the parameters \ and yg, which allow for 
polarity in the bond function. In the present method 
of calculation, all but one of the parameters are deter- 
minable. The remaining parameter is determined by the 
requirement that the wave functions give the experi- 
mentally observed dipole moment. The basic atomic 
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functions used are analytical approximations (Slater 
functions) of the form 


S:=(Z?/3m)*r exp(—Z yr) and 


pi=(Zi 1) *r 
X cosé exp(—Z,r), 
where Zy =1.95 and Zp=2.60. 


If xz," and xz,¥ are nonbonding functions on the 
same F atom, orthogonality between the two gives, 


fraser =0 


cos*ez+ sin*ezF [o..8b.,¥dr=0= cos*e,F+ sin*ez¥ cos@, 


where cos@ is the cosine of the angle between the non- 
bonded pairs; f is related to 6 the external angle between 
the nonbonded pair and the bond through the geometric 
relation, 


(2/v3) sin8/2= sind. 


From these relations, we are immediately able to 
calculate the hybridization of the nonbonded F electrons 
if the angle 6 is known. However, the angle 6 is not 
directly known, so the calculation is to be repeated for 
severd| values of 6, and therefore hybridization of 
xz", in order to test the sensitivity of the results to the 
value of 6 chosen. 

If we now impose the condition that the functions 
xi% and xz,,* be orthogonal, we may calculate the 
hybridization of xz‘ for any hybridization of xz. 
This procedure finds justification in the fact that by the 
use of the xzN so determined, we can immediately 
calculate the dipole moment component due to the 
lone pair on N, called M,N, for each value of the angle 
6, and compare this to the corresponding component 
of the moment for NH;3. Using N as the center of 
coordinates, 


M,N a 2eay RN «10 


Debye units 
RS = [xi%exiNar, 


where e=4.8025X10-" esu, a@q=0.5292K10-3 cm. 
Table I presents the results of this calculation. We see 
that M_% is essentially independent of the angle 6 and 
compares favorably with the component of the moment 
found by Duncan and Pople! for the NH; molecule 
MN = —3.667D. 


1 A. B. F. Duncan and J. A. Pople, Trans. Faraday Soc. 49, 
217 (1953). 
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TABLE I. 


MN M LF 


.7620 D .336 D 


We can also compute the component of the total 
moment due to the nonbonded orbitals on the F atom 
M,*, 

M,¥ =—18eay(cosy) Rx X10", 


where cosy is the cosine of the external angle between 
the bond and the molecular axis; it is included since 
the integral 


RF = [xi!rnatdr, 


is evaluated along the bond. The results have been 
included in Table I. It is interesting to note that with- 
out hybridization of the nonbonding F electrons, 
R_¥ equals just rxr, and M;* is a constant independent 
of 6 with value 52.054 D or 5.784 per pair. With hybri- 
dization, M;¥ is about 55.7D or about 6.2D per pair. 
This is very significant in view of the small total 
moment and reemphasizes the importance of s—p 
hybridization in the computation of dipole moments. 

It is now possible to calculate an approximate bond 
wave function. For the total dipole moment we have 


a = M(N + M,/F+ Mp+Msz, 


“where Mp=—60.730D is the proton moment, Mexp= 
0.234 is the experimental moment, and Mz=:-- 
the bond moment. It is clear that for a given value 
6, Mx is known, 


Mp=Mexp—M1F —M1N— Mp. 
Hence, in order to find an approximate bond wave 


function, we can impose the conditions that it give the 
above bond moment. We also have the relations, 


J xi\xp,dr=0 
[rPxoar=0 
[xe xp,dr=1. 


AND A. B. 


DUNCAN 
From (1) and (2), 
sinegX =y/A( A coseg? +B sinez?), 
cosep® = —p/A(C coseg?+D sinez*), 
where A, B, C, and D are complicated sums and 


products of overlap integrals and molecular parameters. 
Then, since sin’egN-+ cos*e,N = 1, 


(A/p)?=(A2+C?) costeg?+ (B2-+ D*) sinte,F 
+2(AB+CD) cosep¥ sinepF. (4) 


Equation (4) was solved by trial on the IBM 650, 
giving a ratio \/p, the egX and the eg’. Then (3) was 
used to normalize the bond and give values of \ and 
u. The bond moment could then be calculated. This 
process was repeated many times until the calculated 
bond moment agreed with the required bond moment to 
within 0.02D. The bond moment is 


My =—6eay (cosy) Rp X10" 


Ra= | xurxudr. 


The results are ambiguous since there are two solu- 
tions giving the same Mz, as in Eq. (4). However, we 
can use the results obtained from previous calculations 
on H.O, NH3, and other molecules, to choose a bond 
function containing more pr than sp as being the more 
realistic. The complete LCAO wave functions are, 
then, 


x8 =0.705sx+0.709 px 
xi¥ =0.418sp—0.908 pp 
Xz =0.262sx —0.503 px — 0.3715¢4-0.768 pr. 


In order to test the sensitivity of the bond wave 
function to the assumed value of 6, the calculations 
were repeated at 6=110° and 117°. The nitrogen part 
of the bond function was found to be relatively insensi- 
tive to 6 as was the N lone pair. Also, in spite of the 
fact that the bond moment must change by approxi- 
mately 0.4D to compensate for the new orientations of 
the F nonbonding pairs, the bond function as a whole 
does not change radically. 

The calculation indicates that the ratio \/y is about 
0.66, with a polarity N*+F~. This is the polarity taken 
for the experimental moment and the polarity usually 
ascribed to this bond. The results also indicate that 
both the polarity of the bond and the hybridization of 
the nonbonding orbitals contribute to the total moment 
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in a logical manner for NF3. From the value of \/u= 
0.66, the N—F bond in NF; appears to be more polar 
than the N—H bond of NH; for which \/y=0.84. 
The similarity in hybridization of the N lone pair 
indicates very little change in this essentially atomic 
orbital in going from fluoride to hydride. The similarity 
in the N part of the bond orbital is a reflection of the 
fact that the bond angles are not radically different 
in NF; and NH;. Mashima” has made a similar cal- 
culation for NF;. He wished to show that the dipole 
moment could be accounted for in terms of hybridiza- 
tion of lone pair and bonding functions. His method 
lacks the generality of the present calculation. Al- 
though the wave function was to be determined by the 
dipole moment, an arbitrary amount of s character 
(17.4%) was chosen for the N part of the bond orbital. 
More importantly, Mashima assumed \=y=1. The 
F—N electronegativity difference indicates that the 
bond should be somewhat polar.*:" 

The lone-pair functions in NH; and NF; have very 
similar hybridization according to the dipole calcula- 
tions. If these functions are essentially atomic in 
nature (as written here they are purely atomic), then 
to a crude approximation we may ignore their interac- 
tion with other atoms and electrons. In that case, the 
energy difference between the orbitals in the two 
molecules may be calculated from an atomic Hamil- 
tonian, 


H=—V?/2—7/rs+>,(2J:—K;), 


2M. Mashima, J. Chem. Phys. 24, 489 (1956). 
8. Pauling, Nature of the Chemical Bond (Cornell University 
Press, Ithaca, New York, 1940). 
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where the kinetic and nuclear potential operators are 
recognized, and J;, K; are the coulomb and exchange 
operators. If the lone-pair function x,“ were an eigen- 
vector of this Hamiltonian, its energy would be the 
eigen value EN, the orbital energy. The orbital ioniza- 
tion potential is taken as the negative of the orbital 
energy; 


EN = [xSHhuXar. 


However, we merely wish to attach significance to the 
quantity 
( E,N¥;— E43) = 1.12 ev. 


This result was obtained with the wave functions, 
x84; =0.624sx —0.782pn, 
xLF3=0.705sx — 0.709 py. 


The kinetic, nuclear-attractive, coulomb and exchange 
integrals over AO’s were taken from Duncan." If, as 
stated previously, the ionization potential of NF; 
refers to removal of a nitrogen lone-pair electron, the 
corresponding experimental quantity is 


(1. P.N¥s—J, P.N43=13.2+0.2—11.340.2 ev 
=1.9+0.4 ev. 
The closeness of agreement does reinforce our concept 
of the lone pair as an atomic function perturbed to some 


extent by the presence of substituents. 


4 A. B. F. Duncan, J. Chem. Phys. 27, 423 (1957). 
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Growth of Whiskers by Chemical Reactions 
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In the present paper the general conditions for the growth of whiskers by vapor deposition is considered. 
[f several reactions are available to grow a given crystal phase, that reaction with the lowest entropy of re- 
action will allow the growth of near-perfect crystals, at the largest temperature difference between source 


crystals and growing crystals 


FAR-PERFECT whiskers'* grow at low super- 

saturations of their own vapor by the action of 
axial screw dislocations. Likewise, near-perfect platelets 
may grow at low supersaturations by the action of a 
twist boundary® or a single screw dislocation® in the 
parent nucleus. A twist boundary is represented by a 
planar grid’ of screw dislocations. 

In practice® the supersaturation’ is usually main- 
tained by holding the source crystals and the growing 
whiskers or platelets at slightly different temperatures. 
It is the purpose of the present paper to describe a 
general procedure for whisker and platelet growth 
allowing much larger temperature differences between 
the source crystal and the whisker growth region. 

The supersaturation in the vapor phase over a grow- 
ing whisker may not exceed that value at which two- 
dimensional nucleation occurs at an appreciable rate. 
The relation between saturation ratio a and the. two- 
dimensional nucleation rate N is given by’ 

Ina=zao?M /pkRT? InB/N, 
where B~10” sec, a is the interlayer spacing, p is the 
density of the crystal phase, o is the surface free energy, 
M is the molecular weight of the vapor species, k and R 
are the molecular and molar gas constants, respectively, 
and T is the absolute temperature. Since the nucleation 
rate is such a sensitive function of saturation ratio, the 
critical ratio a,, below which whisker growth can occur, 
is obtained by solving Eq. (1) for N =1. It is written 


a.= exp|{mdao?M/pRRT? InB}. GA 


The free energy of deposition corresponding to Eq. 


1) is written 


AF =— RT l|na, a=P/ Po, 3) 


vth from the pure vapor. In the 
1953). 


1955 
1955). 


. sear Acta. Met. 1, 457 
Acta. Met. 3, 361 
/, Sears, Acta. Met. 3, 367 
. Morelock (to be published . 
. B. Newkirk and G. W. Sears, Acta. Met. 3, 110 
W. Sears, J. Chem. Phys. 25, 637 (1956). 
*. C. Frank, Discussions Faraday Soc. 5, 33 (1949). 
1. S. Patent #2,813,811 issued November 17, 1957, to G. W. 
assigned to General Electric Company, Schenectady, New 


!, Sears, 


1955). 


case of a more 


general reaction, the saturation ratio a, will be defined 


aK, Ko, (3a) 
where Ko is the equilibrium constant for the transport 
reaction at the temperature of the growing crystal, and 
K is the reaction constant of the transport reaction for 
pressures of reactants and products over the growing 
crystal. 

The first derivative of the free energy of a deposition 
reaction with respect to temperature is given by 


(@AF/dT) p=—AS, (4) 


where AS is the entropy of reaction. To a first approxi- 
mation for a general deposition reaction 


AF=—AS-AT, 


where AT is the temperature difference between the 
source and growth regions. When a crystal grows by a 
vapor transport reaction, 


AS=AH/T, (6) 


where AH is the heat of the reaction at the temperature 
in question. On combining Eqs. (2), (5), and (6), it is 
seen that 


AT. =7ao0*M /pk- AH: \nB, 


where AT, is the largest temperature difference at 
which whisker or platelet growth can occur. 

Of all the possible vapor-phase reactions leading to a 
given solid phase, that reaction having the smallest 
enthalpy of reaction will have the largest value of 
AT.. 

From the point of view of temperature control during 
whisker growth, the most suitable reaction will have the 
smallest enthalpy of reaction. Since enthalpy need not 
have the same algebraic sign as free energy, it is quite 
possible to use chemical reactions at a low temperature 
as evaporation processes, which will reverse at a higher 
temperature to deposit crystals. An obvious example 
of this type of reaction is given by® 


Pb+4CH;—Pb(CHs),4, 


9F. Paneth and W. Hofeditz, Ber. deut. chem. Ges. 62, 1335 
(1929), 
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where lead is volatized at room temperature and is re- 
deposited at about 250°C. 

Implicit in all of the preceding discussion is the as- 
sumption that equilibration occurs in the gas phase as 
the temperature varies from the source region to the 
growth region. Recent work on the growth of alumina 
whiskers'”-” shows that a less restrictive assumption is 
sufficient, that equilibration need not occur in the gas 
phase if it occurs in the adsorbed phase on a perfect 


RR. C. DeVries and G. W. Sears, J. 
(1959). 

iG, W. Sears and R. C. DeVries, J. Chem. Phys. 32, 93 (1960). 

2G. W. Sears and R. C. DeVries (to be published). 


Chem. Phys. 31, 1256 
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surface of a growing crystal. The next step of equilibra- 
tion occurring only at the growth or evaporation step 
is not sufficient for the application of the conclusions 
of the preceding discussion. The growth of copper 
whiskers by the hydrogen reduction of cuprous iodide™ 
illustrates the effects of step-catalyzed reactions. 

Since whiskers and platelets can be grown by many 
other phase transformations than vapor deposition, 
it is pertinent to remark that the general principles 
stated are valid for any crystal growth process that 
involves the screw-dislocation mechanism. 


183C, R. Morelock and G. W. Sears, J. Chem. Phys. 31, 926 
(1959). 
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Infrared Spectroscopic Evidence for the Rotation of the Ammonia Molecule in Solid Argon 
and Nitrogen* 


Dotpnus E, MILLIGAN AND ROBERT M. HEXTER 


Mellon Institute, Pittsburgh, Pennsylvania 


AND 


Kurt DRESSLER 


Princeton University Observatory, Princeton, New Jersey 


(Received December 21, 1959) 


High-resolution infrared spectra (of the symmetric bending mode) of ammonia suspended at high dilution 
in solid argon and nitrogen have been obtained. More than a half dozen extremely sharp bands have been 
observed in the 950-1040 cm™ region (in the spectrum of ammonia) in these materials under conditions 
where there should be little if any absorption due to polymeric species. The frequency separations of the 
bands, their temperature dependence, and their extreme sharpness appear to be compatible with a model 
in which the ammonia molecule executes quantized rotation in these solids. 


INTRODUCTION 


URING the past few years considerable attention 
has been devoted to the spectroscopic study of 
various atomic and small molecular species suspended 
in inert solids. In some of these studies it has been 
common practice to condense on a cold window 
(77-4.2°K) a gaseous binary solution in which one of 
the components is present to the extent of only 1% or 
less. Under these conditions it seems reasonable to 
assume that if the condensate is crystalline, its crystal 
structure is virtually the same as that of the pure inert 
gas. Behringer’ has shown that for a variety of crystal 
structures, when the solute is present to the extent of 
<1%, the probability of a particular solute molecule 
having a nearest neighbor of its own kind is vanishingly 
small. At these low concentrations the solute molecules 
* This research was supported in part by the U. S. Air Force 
through the Air Force Office of Scientific Research of the Air Re- 
search and Development Command. 
1 R. E. Behringer, J. Chem. Phys. 29, 537 (1958). 


are in a force field created primarily by interactions with 
their nearest neighbors. Furthermore, as these neighbors 
are rare gas atoms, and the matrix is, with considerable 
probability, of the crystal structure of the rare gas 
atoms, many of the orientation-dependent forces are 
averaged to zero. One would expect that in those cases 
where the dimensions of the solute molecule are compar- 
able to those of the inert gas, there would be little 
hindrance to rotation of the solute species. There have 
already been several reports of visible,’ infrared,’ and 
electron spin resonance‘ spectra in which effects arising 
from the rotation of small solute species have been 
observed in rare gas matrices. 

We have been concerned recently with the infrared 
spectroscopic study of a number of systems involving 
small molecules suspended in inert solids. In the work 


2G. W. Robinson and M. McCarty, Jr., J. Chem. Phys. 30, 
999 (1959). 


8 E. Catalano and D. E. Milligan, J. Chem. Phys. 30, 45 


1959). 


*H. M. McConnell, J. Chem. Phys. 29, 1422 (1958). 





1010 MILLIGAN, 
reported here we shall be primarily concerned with the 
high-resolution spectroscopic study of the symmetric 
bending mode (v2) of ammonia suspended in solid argon 
and _ nitrogen. 

Becker and Pimentel’ have previously reported on 
the infrared spectrum of ammonia suspended at rela- 
tively low dilutions in solid argon, xenon, and nitrogen. 
These workers observed four bands in the 970-1040 
cm! region, using argon as a matrix and six bands in 
this region in a xenon matrix. Five bands were observed 
in the 900-1150 cm“ region using nitrogen as the matrix 
material, some of which were thought to be due to an 
ammonia-water compound. Becker and Pimentel con- 
cluded on the basis of concentration studies that the 
bands observed in all three matrices were due to mono- 
meric and polymeric species of ammonia. 

Recently, Catalano and Milligan*? have obtained 
infrared spectroscopic results which indicate that the 
water molecule executes quantized rotation in solid 
argon, xenon, and krypton. In view of these results and 
the fact that the dimensions of the water and ammonia 
molecules are comparable, it was considered to be worth- 
while to reinvestigate the ammonia-argon and ammonia- 
nitrogen systems under conditions of greater dilution 
and higher spectral resolution. The experimental 
procedures were identical to those described by 
Catalano and Milligan’ except for the use of a grating 
spectrometer (Perkin-Elmer 112G) and liquid He 
deposition temperatures. 


RESULTS AND DISCUSSION 


Spectra of ammonia suspended at 4.2°K in solid 
argon were obtained at Ar/NHg mole ratios of 350, 500, 
800, 1000, and 1200 and nitrogen at Ne/NH3; mole ratios 
of 500, 1200, and 1700. Spectra of ammonia suspended 
in these materials are shown in Fig. 1. In addition to 
the bands shown in the NH;-N2 spectrum, much 
weaker bands are observed at 1014, 1026, and 1033 
cm™'. The spectral features shown in Fig. 1 show little 
if any dependence on concentration in the ranges in- 
volved. The concentration dependence of the weaker 
bands in the NH3—Ne spectra is not clear. 

Spectra recorded during the slow warmup of the 
ammonia-argon deposits from 4°K to approximately 
30°K, indicate that the bands at 1000 and 1015 cm"! 
increase in peak intensity whereas the 974 cm™ com- 
plex decreases in peak intensity with very little if any 
change in bandwidth. The relatively weak and broad 
bands centered at 992 and 1012 cm™ sharpen with 
increasing temperature in the range 4.2-30°K. On 
several occasions the 992 cm™ band has been observed 
to split into three extremely sharp components at 
temperatures near 30°K. The spectral changes occur- 
ring in the temperature range 4.2-30°K appear to be 
reversible with temperature. On raising the temperature 
of the deposit above about 35°K and recooling to 4.2°K, 


5E. D. Becker and G. C. Pimentel, J. Chem. Phys. 25, 224 
(1956). 
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Fic. 1. ». of ammonia in argon and nitrogen matrices (T= 
4.2°K), Ar/NH3= 1200, N2/NH;= 1700. 


all of the bands with the exception of the band at 1015 
cm are found to decrease in peak intensity. However, 
the percentage decrease in intensity of the 1000 cm™! 
band is approximately one-half that of the other bands. 
The band at 1015 cm“ is observed to increase in peak 
intensity, and a broad band centered at approximately 
1045 cm~ develops on warming the deposit to approxi- 
mately 35°K and recooling to 4.2°K. The 1045 cm™! 
band in all probability corresponds to a band observed 
previously® in the spectrum of solid ammonia. The 
growth of the 1045 cm™ band at temperatures near 
35°K appears to indicate that the spectral changes 
observed in this temperature range are due to diffusion. 

The bands observed in the spectrum of ammonia in 
nitrogen are somewhat sharper and show no evidence 
of structure under the maximum spectral resolution 
obtainable in this region. On raising the temperature 
the bandwidths are observed to increase with little or 
no change in peak height. 

The spectral features under consideration here are 
due to the symmetric bending mode (v2) of ammonia. 
In the gas phase this vibration is split due to inversion. 
The Q branches are located at 932 and 968 cm”; 
likewise, each line in each sub-band (except for K =0) 
is double. The average separation between neighboring 
lines in the composite spectrum for all K is of the order 
of 20 cm. In the spectrum of crystalline ammonia 
there is no evidence for either inversion doubling or 
free rotation, as only a single broad band is observed in 
the region appropriate for v2 (1050 cm™'). 

The absence of any detectable concentration depend- 
ence of the spectra suggests that we are concerned with 
spectral features arising from the motion of monomeric 


6 F. P. Reding and D. F. Hornig, J. Chem. Phys. 19, 594 (1951). 
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species of ammonia. The multiplicity, extreme sharpness 
of the lines, and their thermal behavior, can be most 
easily explained on the basis of a model in which the 
NH; molecule possesses some degree of rotational 
freedom. 

The rare gases (with the exception of helium) are 
known to crystallize in face-centered cubic structures. 
The internuclear distance in solid argon is approxi- 
mately 3.83 A. Nitrogen is known to exhibit two crystal- 
line forms, a face-centered cubic form stable below 35°K 
and a hexagonal close-packed structure stable above 
35°K. Using appropriate values for the nitrogen-nitro- 
gen bond distance and the van der Waals radius of 
nitrogen, the diameter of the cavity formed by the re- 
moval of a nitrogen molecule from the crystalline solid 
can be estimated to be of the order of 4 A. The diameter 
of the minimum cavity in which the ammonia molecule 
may freely rotate varies from 3.1 to 5.7 A. Thus rotation 
of ammonia molecules situated at substitutional sites 
in solid argon and nitrogen should be possible about 
the principal axis or about some axis slightly inclined 
to it. Our discussion of the spectrum will therefore 
begin by the assumption of the possibility of such 
rotation. 

Most of the lines in the Ar-NH; spectrum may be 
grouped into two series (Table 1) in which successive 
lines are separated by an increment of the order of the 
rotational separation observed in the gas phase. Those 
lines neglected in this tabulation occur as shoulders 
and will not be discussed. By comparing the argon 
matrix spectrum with that of the gas (Table II), it is 
seen that there is a near coincidence of frequencies of 
the 1*—O- lines through J=3 with the italicized 
frequencies of Table I. This correspondence is probably 
fortuitous. 

If the temperature of the sample was indeed 4.2°K, 
only the J=0 level would have been appreciably 
populated. Accordingly, we should expect the R(0) 
line of the 1*—O~ transition to be the strongest feature 


TaBLeE I. Lines observed in the spectrum of NH; in argon and 
nitrogen matrices at 7=4.2°K. 


Ar: NH; 
(i+—0-) 


Q(1) 954.5 cm™ 
R(O) 974 
R(1) 992 
R(2) 1012 


961 cm 


N2: NH; 
Q(1) ? 
R(0) 970 
R(1) 986 
R(2) 1000 
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TaBLeE II. Low J=K transitions in R branches of symmetric 
bending mode of gaseous ammonia.* 


R(J) 0*—1* (1*—0-) O*—12 (1-—0*) 





0 952 

1 971.90 
2 991.84 
3 1011.24 
+ 1030.36 


1007. 
1026.92 
1046. 
1065. 


® Frequencies identified in this table are from S. Mizushima et al., Report on 
Perkin-Elmer Grating S pectrophotometer Model 112G (Nankodo Company, Ltd., 
Tokyo, 1957) 


of the ». band. Lines originating in J=1 and J=2 
levels would then be progressively weaker. Further- 
more, if most of the molecules are in the lowest rota- 
tional level, we should expect to observe very little 
intensity in the Q-branch, for this is forbidden from 
the J=0 level. We shall therefore assign the strong 
line 974 cm™ in Ar-NH; to the R(0) transition of the 
1+—O- band. The related line of the 1-—0*+ band does 
not occur in NH3. With this origin, the other assign- 
ments at the top of Fig. 1 follow quite naturally. The 
two series of Table I have been factored by this logic. 

A similarly derived assignment for the No-NHs; 
spectrum is also presented in Table I and at the bottom 
of Fig. 1. We are here forced to conclude that the Q(1) 
line of the (1-—0*) band and the R(0) line overlap at 
970 cm™'. From the separations of the R(1) lines in the 
(1*—0-) and (1-—O0*) bands, we derive inversion 
splittings for NH; of 8 cm™ and 18 cm™ in the Ar and 
N2 matrices, respectively. This is to be compared with 
the value of 35.58 cm™ observed in the gaseous state 
(Table IL). The decrease in the inversion doubling 
(gas—matrix) is consistent with the observed increase 
in the height of the barrier to inversion indicated by 
the increase in the frequency of the bending vibration. 
In the gas phase this frequency is approximately 
(932+ 968) /2 cm™ (Q-branch frequencies). In Ar and 
Nz matrices, the corresponding frequencies are approxi- 
mately (954+961)/2 cm™ and (950+970)/2 cm™.? 
These solvent shifts of approximately +8 and +10 
cm”! are usual for bending vibrations. 

It is of interest to estimate the increase in height of 
the barrier to inversion due to the matrix environment. 
If it is assumed that the inversion splitting of v2 depends 
exponentially on the height of the potential barrier 
above the v2 level,’ the barrier height can be estimated 
to increase by approx 400 and 800 cm~ in the N» and 
Ar matrices, respectively. These estimates have been 
made using the relationship Av/v2= 2! exp[— (Vo—ve) / 
528 cm], where Av is the inversion doubling and Vo 
is the height of the barrier above the vibrational ground 

7 These are estimated positions of the Q branches in the No 
matrix. 


8’ Compare D. M. Dennison and G. E. Uhlenbeck, Phys. Rev. 
41, 313 (1932). 
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Fic. 2. v». of ND; in solid argon ‘=4,2°K 
state. Upon substituting the parameter 528 cm™ into 
this relationship, together with the known value of Vo 
in the gaseous state (2070 cm™'), the experimentally 
established value of Ay= 36 cm™ is obtained. The values 
of ve used in the calculation were 950 cm™ in the gaseous 
state and 960 cm~! in the solid matrices. 

If, as is implied here, the inversion splitting of NH; 
is reduced from 36 cm™ in the gas phase to less than 
10 cm™ in solid argon, one would predict that only a 
single series or a double series of lines with spacings of 
the order of 1 cm™ would be observed in the spectrum 
of ND; in argon.’ This prediction is strikingly confirmed 
by the spectrum of ND; in solid argon. As can be seen 
in Fig. 2, only a single series of lines with spacings of 
the order of 9 cm™ is observed. The rotational spacing 
in this mode of gaseous heavy ammonia is of the order 
of 10 cm, which is within experimental error of the 
spacings observed in solid argon-ND;. The assignments 
proposed for the Ar-ND ; spectrum are 749 cm™'=Q 
branches, 758 cm=R(0), 769 cm ™'=R(1), 
778 cm™!=R(2). 

A puzzling feature of the NH;-Ar and NH3;-N2 
spectra is the absence of any lines of frequency less 
than 950 cm™!. Some rationalization of the absence of 


and 


+In the gas phase of NDs, the inversion splitting of v2 is only 
IA 
4.4Cm ° 


Rj ADD 
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P branches can be made on the basis of the small 
populations of the J>0 states. Nevertheless, according 
to the assignments of Fig. 1 and Table I, R(1) and 
R(2) transitions were observed. Further rationalization 
of this phenomenon is pursued as follows. If the 
ammonia molecule is constrained to rotate only about 
its principal axis (J =A), or about axes close to the 
principal axis (J=K), then levels with J—K>0 will 
be shifted to progressively higher energies with respect 
to the J/=K levels. Thus the population of such levels 
becomes even less probable on thermal grounds and 
we should concentrate primarily (as we have) on levels 
with J=A. If we retain all selection rules appropriate 
for this ( ||) band (AK=0, AJ =0, +1 except when 
AK =0, when AK =0, AJ = +1), and consider that only 
A =J rotational levels are accessible in the vibrational 
ground level, we should expect only lines in the Q and 
R branches. 

On the basis of the experimental results and the 
analysis given here it would appear that isolation of 
the ammonia molecule in solid argon or nitrogen 
produces little if any change in the architecture of the 
molecule. The effect of these matrices seems to be appar- 
ent only through a rather sizable increase in the fre- 
quency of this vibration (relative to the singlet at 
about 950 cm™', the mean frequency of the two Q 
branches, which would be observed in the absence of 
rotation) and a reduction in the inversion splitting. It 
should also be noted that in the matrix which by its 
geometry offers the greater restriction to the motion of 
the NH; molecule (Ar), the reduction of the inversion 
splitting is the greater. 


Note added in proof. Since the submission of this 
manuscript, we have succeeded in obtaining a spectrum 
of a ~ 0.1% solid solution of NH; in Nz at 27°K, using 
liquid neon as a refrigerant. The intensity distribution 
of the spectrum of this sample differed from that ob- 
tained with similar samples deposited at 4°K, but 
otherwise the spectra were identical. When the tem- 
perature of the sample deposited at 27°K was decreased 


‘to 4°K, the intensity distribution of the sample closely 


approximated that of samples deposited at 4°K. This 
temperature dependence is consistent with our hy- 
pothesis of rotation of NH, in solid N» and Ar. 
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Photochemical Studies in Flash Photolysis. II. Photolysis of Acetone with Filtered Light* 
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(Received August 8, 1960) 


Flash photolysis was studied in the absence of wavelengths below 200 my. Effects of acetone pressure, 
light intensity, added biacetyl, temperature, and wavelength were investigated. The results are consistent 
with primary acts postulated previously on the basis of low-intensity studies, but with the absence of compli- 
cating first-order secondary reactions at these high radical concentrations. Deactivation of excited mole- 
cules explains the pressure effect on the C.H¢/CO ratio, for wall effects are absent under flash conditions. A 
hot radical mechanism is suggested by the data for methane formation. The effect of wavelength on C2H¢/CO 
ratio in regions centered near 260, 280, and 295 my is rather striking, and the results are compared with 
trends in low-intensity studies in the same pressure region. 


INTRODUCTION 

HE photolysis of acetone has been extensively in- 

vestigated at low light intensities,'* and several 
studies** have been made at extremely high intensities 
under flash conditions. Khan, Norrish, and Porter* 
flash-photolyzed acetone in the presence of a large 
amount of inert gas (carbon dioxide) using unfiltered 
light and found a C.H¢/CO ratio of unity. Oster and 
Marcus’ also used unfiltered light and observed ratios 
of about 1.25 in the absence of, but unity in the presence 
of, excess carbon dioxide. They observed that traces of 
biacetyl had the same effect and found, too, from the 
pressure dependence of the CO quantum yield, that 
light below 200 my was contributing effectively to 
their photolysis and, it may be presumed, to that of 
Khan et al. 

In the present work these wavelengths are removed 
and the effects of pressure, intensity, temperature, 
added biacetyl, and wavelength are described. Where 
feasible, these data are compared with those obtained 
at 280 my by Roebber, Rollefson, and Pimentel,’ who 
used a monochromatic (magnesium spark) source. The 
latter authors’ results showed one major apparent dif- 
ference from low intensity ones—an increased quantum 
yield of CO with increased pressure. At low intensities 
little or no such effect has been found.*§ 


* Abstracted from the doctoral dissertation of Norman Slagg, 
Polytechnic Institute of Brooklyn, June, 1960. (Available on 
microfilm from University Microfilms, Ann Arbor, Michigan.) 
Presented in part at the 132nd Meeting of the American Chemi- 
cal Society, New York City, September, 1957. 

} Present Address, Thiokol Corporation, Denville, New Jersey. 

t Alfred P. Sloan Research Fellow. 

1Cf. review by E. W. R. Steacie, Atomic and Free Radical 
Reactions (Reinhold Publishing Corporation, New York, 1954). 

2 Cf. review by W. A. Noyes, G. B. Porter, and J. E. Jolley, 
Chem. Revs. 56, 49 (1956). 

3M. A. Khan, R. G. W. Norrish, and G. Porter, Proc. Roy. 
Soc. (London) A219, 312 (1953). 

*G. K. Oster and R. A. Marcus, J. Chem. Phys. 27, 472 (1957) 
(Part I of this series); cf. R. A. Marcus, Can. J. Chem. 36, 102 
(1958), which summarizes several of the results reported in the 
present paper. 

5 J. L. Roebber, G. K. Rollefson, and G. C. Pimentel, J. Am. 
Chem. Soc. 80, 255 (1958). 

6D. S. Herr and W. A. Noyes, J. Am. Chem. Soc. 62, 2052 
(1940). 

7D. E. Hoare, Trans. Faraday Soc. 53, 791 (1957). 

8 J. Heicklen and W. A. Noyes, J. Am. Chem. Soc. 81, 3858 
(1959). 


EXPERIMENTAL 
Apparatus, Materials, and Analysis 


The flash apparatus was described previously,’ the 
flashing voltage here being 8000 v. A cylindrical quartz 
vessel was used, 2.3 cm i.d. and 20 cm long, closed at 
one end and attached to the vacuum system by a 
graded seal at the other. The exploding wire’ was 32 
cm long, placed parallel to the cylindrical vessel and, 
except where specified in Table I, 2.15 cm distant from 
the latter’s axis. In several experiments, so indicated 
in Table 1, a 7910 Vycor vessel, with an i.d. of 2.6 cm 
and a length of 20 cm, was used instead. The wire 
length employed was then 22 cm. Throughout, the 
analytical apparatus, procedures, and purification of 
acetone and biacetyl were the same as in Part I. 


Filters 


‘ 

To effectively eliminate light of wavelengths of 200 
my and less when the quartz reaction vessel was used, 
the vessel was surrounded with a single layer of du Pont 
cellophane 450-PD. The vessel plus the cellophane was 
enclosed in a closefitting protective concentric quartz 
tube of 2-mm wall thickness. The effectiveness of the 
cellophane was established from results with two layers 
of cellophane, which showed essentially no further 
change in ratios of reaction products. Using the Vycor 
vessel, which cuts off wavelengths below 220 muy, rather 
similar product ratios were obtained. To obtain wave- 
lengths centered near 260 my, 280 my, and 295 muy, a 
suitable concentration of 1,4-diphenylbutadiene in 
ethanol, one of CS, in CCly, and a single layer of 88- 
CA-48 du Pont cellophane, respectively, were used. 
Transmission curves for these filters are shown in Fig. 1. 
After the cellophane transmission is multiplied by the 
extinction coefficient of acetone in this weakly absorb- 
ing spectral region, the cellophane is seen, in effect, to 
provide a wavelength band of about 25 mu, centered 
near 295 mu. The filters were placed in a cylindrical 
Vycor jacket, 5 cm i.d., and concentric with the 3 cm 
o.d. Vycor reaction vessel. 


9G. K. Oster and R. A. Marcus, J. Chem. Phys. 27, 188 (1957). 
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a. Effect of acetone pressure 


Pacet No. of CO/flash 
(mm) flashes (u moles) C.He/CO CH,/CO 


x 
g 








243 : 0.51 
150 : 0.37 
100 K 0.24 


_ 


Py s .10 
49 .10 
.66 “i 


a0 
.62 
.65 
61 
.83 
.26 
3 


— 
toh Nh 
>on 


— 


160 0.46 
100 0.30 
100 0.28 
50 0.16 
25 0.085 
9.1 yA. 0.026 
6.7 ; 0.021 


oe 
WwrwWwWwhr why 





b. Effect of incident intensity, /o, at 100 mm acetone” 
Wire 
distance No. ot CO/flash 


Exptl. flashes (u moles) 





CoHs/CO 


CH,/CO 





48 By f 0.30 1.62 0.10 
49 85 0.28 1.65 0.11 
41 ~ fet fe 0.13 152 0.12 
34 2 1: 0.073 1.64 0.09 
42 es 20 0.035 Nas 0.11 
43 8.2: 20 0.036 1.67 0.11 
44 5.23 25 0.020 1.63 0.11 





c. Effect of temperature at 100 mm acetone 


No. of CO/flash 
flashes (u moles) 


0.15 
0.13 


0.14 
0.68 


4 
4 
4 0.15 
4 
1 
1 0.78 


d. Effect of added biacetyl at 100 mm acetone 


Biacety] No. of CO/flash 
mm) flashes uw moles) CeHe/CO CH,/CO 
.28 1.65 0.11 
30 1.64 0.10 
1.58 0.09 
1.28 0.11 
1.03 0.07 


e. Effect of wavelength® 


Acetone No. of CO/flash 
d (mp) (mm) flashes (u moles) CoHs/CO CH,/CO 


260 100 25 0.047 83 0.2 
260 100 25 0.052 .67 Q. 
260 200 14 0.105 93 0. 


280 100 15 0.046 
280 100 15 0.047 
280 200 8 0.089 


295 100 16 0.037 
295 100 16 0.036 
295 200 8 0.084 





® Experiments 73-116 were performed with a new sample of cellophane 450-PD. 

b The intensity is approximately inversely proportional to the distance between wire and vessel axis noted in Table Ib (cf. footnote 9). Some deviation would 
be expected from this “‘infinite length line sourc e’’ law at the larger distances because of the finite length effect. For this reason, no CO//o ratios were computed. 

© Vycor reaction vessel, wire 2.50 cm from vessel axis. 

1 Quartz vessel without cellophane, 450-PD filter. 


© Vycor reaction vessel, wire 3.20 cm from vessel axis. 





PHOTOLYSIS OF 


ACETONE 





8 


Fic. 1. Percent transmission of 
various filters vs wavelength (liquids 
have a 1 cm path length). The trans- 
mission curve for the CS» solution is 
sensitive to impurities. (A narrower 
transmission band having the same 
maximum has been found with purer 
reagents.) The acetate film 88-CA-48 
is 0.00088 in. thick and the cellophane 
450—PD is 0.0013 in. 


PERCENT TRANSMISSION 





© 'CELLOPHANE' 88-CA- 48 
© DPBD IN C2H,OH 

® CS2 IN CCle 

@ CELLOPHANE 450-PD 
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WAVELENGTH (A) 





Fic. 2. Plot of CO vs acetone pres- 
sure, illustrating the importance of 
wavelengths near 190 my using un- 
filtered light. 
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Temperature 


Almost all experiments were performed at room 
temperature. A temperature of about 90°C was ob- 
tained with a heated beaker of water and one of 185°C 
with an easily removable asbestos-covered heating coil 
which jacketed the vessel. At the desired temperature, 
determined by a thermocouple, the acetone pressure 
was adjusted, the heating device removed, and the wire 
moved quickly into place and flashed. The resultant 
maximum gas temperature drop before flashing, in- 
ferred from any gas pressure drop, was less than 8°C. 


RESULTS 


Results obtained at various acetone pressures, in- 
tensities, temperature, added biacetyl, and wavelength 


120 


ACETONE PRESSURE (mm) 


are given in Table I and Fig. 2. The results may be 
summarized as follows: 


1. When the wavelengths shorter than 200 my are 
removed, CO is directly proportional to the acetone 
pressure. Hence, because of the small percent light ab- 
sorption in this region,’® CO is directly proportional to 
the absorbed light intensity. However, when wave- 
lengths shorter than 200 my are not removed, the CO 
vs p plot in Fig. 2 does not extrapolate to the origin, a 
consequence of the intense acetone absorption near 
190 mu. The remaining results shown here were ob- 
tained in the absence of these short wavelengths. 


0 R. G. W. Norrish, H. G. Crone, and O. D. Saltmarsh, J. 
Chem. Soc. 1934, 1456; W. A. Noyes, A. B. F. Duncan, and 
W. M. Manning, J. Chem. Phys. 2, 717 (1934). 
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2. CO was essentially independent of temperature 
and of traces of added biacetyl. 

3. The C,Hs/CO ratio decreased markedly with in- 
creasing pressure. It was independent of incident light 
intensity, of added biacetyl (unlike the 190 my data‘), 
and almost independent of temperature. 

4. The C.Hs/CO ratio increased with decreasing 
wavelength in the three regions studied (260, 280, 295 
my), in the pressure range investigated. 

5. The CH,/CO ratio was independent of all the 
preceding variables, except perhaps of wavelength. 

6. Two experiments with equal mixtures of acetone 
and acetone-ds were performed. The ratio (CD,4)(CHs,) 

CD;H)(CH;D) was found to be 1.08 and 1.12." 


DISCUSSION 


Comparison of the C2H./CO ratios in Table Ia and b 
with the corresponding ratios at various wavelengths 
suggests that our major photochemical contribution is 
centered near 290 mu. 

The independence of CO quantum yield of absorbed 
ight intensity is in agreement with step (1), first sug- 
gested by low intensity studies, this step being followed 
now by radical recombinations only. 


CH »2CH 


] 
| 
i 


CO+/p, +-CO 


or ~CH,+CH;CO’—2CH;+ CO. 1) 
CH;CO’ denotes a hot CH;CO whose only fate is to 
dissociate. At low intensities, CO is also formed from 
dissociation of thermally equilibrated CH;CO radicals, 
a step which can readily be shown to be unimportant 
here because of the huge radical concentration and the 
resulting predominance of radical recombinations. 
Similarly, reaction of thermal CH;’s with acetone to 
form CH, can be excluded here.) 

The independence of CoH,e CO ratio and, hence, of 
biacetyl/CO ratio” of light intensity, and the decrease 
in C,Hs/CO ratio with increasing pressure are con- 
sistent with steps (1) and (2), 
lished by low-intensity studies. 


(2a) having been estab- 


CH3;)2.CO+/v—(CH3)2CO*—>CH;+ CH;CO (2a) 
9 


>(CH3)2CO, (2b) 


where MM is any colliding molecule. 

This trend of ratio with pressure was also found at 
low intensities,® the study being performed at constant 
absorbed intensity to counteract the intensity effect on 
thermal reactions noted earlier but absent here. How- 
ever, under low-intensity conditions wall effects can 
occur, and one explanation previously offered for the 
pressure trend was 


based on an increased acetone 


We are greatly indebted to Professor H. I. Schiff of McGill 
University for these analyses. 

2Tn unpublished studies in this laboratory, A. Shilman has 
found this ratio to equal approximately (C,.Hs/CO—1). See 
footnote 5 


AD) RS CAN 


13 The distance, x, is 


MARCUS 


pressure’s causing a decreased diffusion of acetyl 
radicals to the wall. At the wall they were assumed to 
recombine to form biacetyl. Wall effects are absent 
under flash conditions, so such an explanation is not 
applicable here: The radical concentration is so high at 
flash intensities that the radical may be estimated to 
diffuse only about 0.01 cm at 100 mm gas pressure be- 
fore it recombines." It therefore has a negligible chance 
of reaching the wall. Another complicating pressure 
effect sometimes present at low intensities but absent 
here involves diffusion of radicals out of the light beam, 
thereby decreasing their average concentration and in- 
creasing the relative importance of first-order proc- 
esses. 

The independence of CH,/CO of incident light in- 
tensity'® and acetone pressure shows that the CH,, too, 
arises either in a primary act or from one species which 
does not undergo competitive reactions of different 
orders. The first possibility, an intramolecular forma- 
tion of CH, and CH2CO, was eliminated by the results 
of our acetone-acetone-ds experiments, whose random 
mixing results established a free radical origin of the 
methanes. (In an intramolecular formation, only CH, 
and CD, would be formed.) Again, we believe that we 
have established that the bulk of the methane does not 
arise here from a disproportionation between ther- 
mally equilibrated CH;’s: and CH;CO’s, for in that 
case the CH,/CO would decrease appreciably with 
increasing acetone pressure, which it does not.®!® Ac- 
cordingly, we infer that the CH, arises from a hot 
methyl radical (or hot acetyl reacting with methyl). 
This mechanism is easily shown to be consistent with a 
(CH,)(CD,)/CH;D)(CD,H) ratio of about unity in the 
absence of isotopic effects. Even including isotopic 
effects some cancellation of the effects would be ex- 
pected in this overall ratio, with a result which would 
approach unity. 

The wavelength effect on the CsHs/CO ratio is 
striking. The ratio increases with decreasing wave- 
length in the pressure range studied. Data in the litera 
ture obtained in this pressure range at the higher low 
intensities and at two different wavelengths are sum- 
marized in Table II. The same trend appears to exist,!” 
though not unequivocally. The maximum intensity in 


2Dr)}, and +, the lifetime of a radical, = 
1/(kR/t)* so that x= (4D*t/RR)'/* where R is the biacetyl for- 
mation per unit volume, ¢ is the flash time, 3X 10™ sec‘, and & is 
the recombination constant, assumed here as a first approxima- 
tion to be of the order of that! for CHs radicals. 

4 W. A. Noyes and L. Dorfman, J. Chem. Phys. 16, 788 (1948) ; 
A. J. C. Nicholson, J. Am. Chem. Soc. 73, 3981 (1951). 

45 Cf. same independence of ratio on Jy and same value of ratio 
at high “low intensities,” P. Ausloos and FE. W. R. Steacie, Can. 
J. Chem. 33, 47 (1955). 

16 (CH3) oc (C,He)# and (CH;CO)« 
Rew:/Rco would be proportional to 

{ (CoH6/CO)[(CsHe/CO) —1]}}, 
where C.Hg denotes the ethane formed, etc. 

7 An opposite trend at this pressure has been observed under 
different conditions (e.g., lower intensities). See work cited in 
footnote 6. 


(C:He-CO)!, 


therefore 
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TaBLeE IT. Acetone photolysis at low intensities and 
approximately 150 mm acetone. 


300+ 
Relative* mu 


250-270 
Relative* my 
Authors 


intensity C.Hs/CO intensity .C2H6/CO 


Steacie and 2 yy. a 1.4 
Darwent> 


Spence and Wilds 


Howland and 
Noyes@ 


® Rounded figures. 

b E,W. R. Steacie and B. de B. Darwent, J. Chem. Phys. 16, 
© R. Spence and W. Wild, J. Chem. Soc. 1941, 590 

4 J. J. Howland and W. A. Noyes, J. Am. Chem. Soc. 66, 974 (1944). 


230 (1948 


Table II is about 10° less than ours in the same wave- 
length range. 

The present data may be compared with those ob- 
tained by Roebber ef al.> Their C2Hs/CO ratio was 
intensity-dependent, as here. The C2H¢/CO ratio de- 
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creased with increasing pressure, as here, and their 
C:H¢/CO approximately equals ours in the 280 my 
range. A major difference, however, is that their CO 
quantum yield increased with increasing pressure while 
ours in Table Ia does not, a point which merits further 
investigation. 
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Note added in proof. In subsequent work by Mr. A. 
Shilman in this laboratory, an extensive investigation 
has been made of pressure effects near 260, 280, and 
300 mu. Near 260 my and near 300 my, the CO quantum 
yield was pressure-independent. Near 280 my, it was 
pressure-dependent in agreement with Roebber ef al.° 
Thus, the difference between Roebber’s results at 280 
muy and those obtained at low light intensities*>~* (usually 
at 254 and 313 my) appear to represent wavelength 
effects. 
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The electrical conductivity of a-NbeO; monocrystalline and sintered specimens, measured under a con 
stant ambient oxygen pressure and over the temperature range 300 to 900°C, exhibits an exponential tem 
perature dependence with an activation energy of 1.65 ev. The isothermal conductivity, o, of near-stoichio 
metric a-Nb»O; is related to the ambient oxygen partial pressure, Po2, by the power law expression «= const 

og 9 ?'+9.1 Both sets of observations may be rationalized on the basis that slightly-reduced a-Nb.O; 
becomes a metal-excess, n-type semiconducting oxide containing oxygen vacancies capable of trapping elec- 
trons. A detailed analysis of the relation between conductivity and ambient oxygen pressure has indi- 
cated that the conductivity dependency may be ascribed to a mechanism whereby defect levels (due to 
oxygen ion vacancies with either one or two trapped electrons) are created and electrons are thermally ex- 


cited from these levels into the conduction band 


INTRODUCTION 


HE potential use of niobium for high temperature 

service has focused attention on its oxides since 
these make up the barrier layer between the metal and 
gas phase during oxidation. Unfortunately little is 
known about the properties of these materials. Brauer! 
found that a-NbeO; could exist as a single phase with 
departures from stoichiometry up to Nb2Oys. He also 


+ This research was supported by the Department of Navy, 
Office of Naval Research. 

* Present address: Assistant Professor of Mathematical Engi- 
neering, Marquette University, Milwaukee, Wisconsin. 

1G. Brauer, Z. anorg. u. allgem. Chem. 248, 1-34 (1941). 


indexed the first x-ray powder patterns of this material, 
but was unable to solve the crystal structure. Later 
investigators’? found a-Nb:O; to be monoclinic, but 
were not able to agree on lattice dimensions. While 
Nb,O; may be prepared with two or more structures 
by transformation at different temperatures, the 
transformation to the a modification occurs on heating 
to 1100°C and is irreversible on cooling below this 
temperature. The lattice parameters of a-Nb.O; 
according to Holtzberg e¢ a/? are listed in Table I. 

2 F. Holtzberg, A. Reisman, M. Berry, and M. Berkenblit, 


J. Am. Chem. Soc. 79, 2039-2041 (1957). 
3M. W. Shafel and R. Roy, Z. Krist. 110, 241 (1951). 
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Pasce I. Lattice parameters of a-Nb.O; (after Holtzberg?). 


1=21.34 A 
b=3.816 A 
c=19.47 A 


8=120° 20 


Kling! measured the conductivity of fused Nb.O; 
as a function of oxygen partial pressure and reported an 
increase in conductivity with a decrease in partial 
pressure of oxygen. This behavior is indicative of a 
metal-excess semiconductor, but Kling failed to give 
values for any of the important parameters of his 
measurements. The present study was initiated for the 
purpose of relating the observed electrical properties 
of near-stoichiometric a-NbsO; to both the electronic 
band structure and the defect structure present in this 
material. 


EXPERIMENTAL DETAILS 


Both pressed and sintered and single crystalline 
specimens were used. Concerning the former, high- 
purity Nb,O; powder’ which was a mixture of the 
a and 8 modifications was cold-pressed without addi- 
tion of any binder at pressures of 40000 psi and 
sintered at temperatures between 1300 and 1350°C 
for two hours. After this treatment, the NbeO; existed 
entirely as the a modification. The apparent densities 
of the sintered compacts were measured pycnomet- 
trically and were found to be within 80 to 90% of the 
theoretical density of 4.55 g/cm* reported by Holtzberg 
et al.” Rectangular parallelpipeds $ in.X} in. X0.05 in. 
and disks 0.65 in. in diameter and 0.10 in. thick were 
cut from the sintered compacts and used for con- 
ductivity specimens, the surfaces being polished with 
420 grit carborundum paper. 

Small single crystals approximately 2 mm in diam- 
eter were kindly furnished by the Linde Air Products 


*H. Kling, The Technology of Columbium (John Wiley & Sons, 
Inc., New York, 1958), p. 87. 

5 The high-purity Nb.O; powder used in this investigation was 
kindly furnished by the Fansteel Metallurgical Corp., North 
Chicago, Illinois. A typical analysis, as furnished by Fansteel, is 
as follows 


By x-ray 
Ta,O 
TiO: 
Fe 
ZnO 
Ni 

By emission 
A] 0.007 © <0.001 
Ni 0.003 <0.001 
Mg 0.008 <0.002 
Fe 0.005 <0.001 
Si 0.03 <0.005 
W <0.01 <0.001 
Zr <0.02 <0 .0005 
Yb <0.01 <0.0005 
Pb <0.001 <0.0001 
Ti <0.01 <0.0001 
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Company. Flat surfaces were ground and polished with 
420 grit carborundum on the crystals for electrical 
contact. No analysis of the Linde crystals or knowledge 
of their perfection was available. 

During measurement the specimen was held in a 
Lavite jig and platinum electrodes were placed against 
the specimen by means of stainless steel screws bearing 
against Lavite pressure plates (see Fig. 1). Resistance 
measurements were made by both the two- and the 
four-probe methods, with both methods yielding es- 
sentially identical results. The potential drop across 
the specimens was measured with a Keithley model 610 
electrometer, while that across a standard resistance 
(either 10° or 10‘ ohms) was measured with a Rubicon 
type B potentiometer. To avoid any contribution to the 
measured potential from thermally generated emf’s, 
readings were taken in both forward and reverse direc- 
tions and averaged. Furthermore, the resistance was 
evaluated at several different potentials to be certain 
that the specimen behaved ohmically. The specimen 
jig was placed either in a Vycor tube surrounded by an 
electrical resistance furnace or else in a vacuum bell jar 
arrangement containing a small nichrome furnace. 
The furnace temperatures were held to +1°C by means 
of a saturable reactor controller. Both the Vycor tube 
and vacuum bell jar were connected to the same 
vacuum-atmosphere system illustrated in Fig. 2. The 
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A. LAVITE JIG 
B. LAVITE PRESSURE 
PLATE 


E. STAINLESS STEEL SCREW 
F. POTENTIAL PROBE 


G.. THERMOCOUPLE 
C. PLATINUM ELECTRODE 


D. SPECIMEN 
Fic. 1. 


Specimen jig. 





ELECTRICAL 


specimen chamber was evacuated and oxygen admitted 
to a known partial pressure which was measured with 
the aid of either an open or closed tube mercury 
manometer. The tank oxygen used was purified by 
passing it over activated charcoal at liquid nitrogen 
temperatures. The criterion for equilibrium following a 
pressure change was a constant specimen resistance over 
a period of thirty minutes. 

The electrical conductivity of sintered specimens 
referred to in the present paper should, ,in reality, be 
thought of as an “effective” conductivity since in 
specimens of varying density it is difficult to evaluate an 
absolute conductivity. For example, in air at a tem- 
perature of 727°C, the conductivity of sintered a-Nb.Os 
varied from 1 to 310-4 ohm™ cm™', with the speci- 
mens of greater density, as expected, having the greater 
values. In all cases, conductivity is given in terms of the 
reciprocal of the measured resistance multiplied by the 
appropriate geometrical constant. Because of their 
irregular geometry, the results for the small single 
crystals are expressed as the reciprocal of the measured 
resistance. 


RESULTS AND DISCUSSION 


In Fig. 3, the temperature dependence of the elec- 
trical conductivity is given for sintered a-Nb.Os; 
specimens and Nb,O; single crystals heated in air over 
the temperature range 300 to 900°C. It is seen that the 
conductivity of both sintered specimens and single 
crystals has a positive temperature coefficient and that 
the change may be expressed by the well-known re- 
lationship 

o=o) exp— E/kT, (1) 
where £ is related to the activation energy for the 
creation of charge carriers in either the conduction or 
valence band. From the analysis of the slope of the 
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Fic. 2. Schematic diagram of vacuum atmosphere system. 
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Fic. 3. Electrical conductivity of sintered a-NbsO; and elec- 
trical conductance of Nb.O; single crystal versus 1/7 for speci- 
mens heated in air. 
logo versus 1/T plot (Fig. 3), a value of 1.65+0.01 ev 
was obtained for F. 

Incorporated in the pre-exponential term ao is the 
temperature dependence of the carrier mobility. This is 
probably not significant in comparison with the tem- 
perature dependence of the charge carrier concentra- 
tion. The temperature variation of the Hall mobility 
for compounds like Nb.O; has been accounted for on the 
basis of scattering by the acoustical vibrational modes 
of the lattice (u~7-? mobility law®) or scattering 
by the optical lattice vibrations (u~[expé/T—1] 
mobility law).7% In the polar semiconductors PbS, 
PbSe, PbTe,° and TiOs,” the temperature behavior of 
the mobility can be approximated by the equation 
=po7—", in which 7 is a constant of magnitude 2 to 3.5. 
It is noteworthy that all of the foregoing mobility laws 
6 J. Bardeen and W. Shockley, Phys. Rev. 80, 72 (1952). 
7H. Frélich and N. F. Mott, Proc. Roy. Soc. (London) A171, 
496 (1939). 

8H. Frohlich, H. Pelzer, and S. Zienau, Phil. Mag. 41, 221 
(1950). 

9W. W. Scanlon in Solid State Physics, F. Seitz and D. Turn- 
bull, editors (Academic Press, Inc., New York, 1959), Vol. 9, p. 83. 

10 F, A. Grant, Revs. Modern Phys. 31, 646 (1959). 
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for sintered 


yield a negative temperature coefficient for the 


bility. 


mo- 


Recent experiments on rutile (TiO) have indicated 


that it is difficult to decide whether the temperature 
dependence of the Hall mobility may be rationalized 


better on the basis of a law p~T with 
2.5<n<3.5 or by assuming a polar scattering law with 
a Debye temperature 9 in the range from 670-to 


810°K." In either instance, the resultant variation in 


power 


the mobility of near-stoichiometric rutile over a given 
temperature range is not significant when compared 
with the change occurring in the carrier concentration.” 

Because the electrical properties of Nb2O, appear 
quite similar to those of rutile, it seems reasonable to 
expect the carrier mobility in Nb.Os to behave analo- 
gously to that of rutile. If the power law holds, the 
temperature change in mobility would obviously be 
much smaller than the exponential term involving 
number of change carriers; whereas if polar scattering 
were assumed to hold and 0 for NboO; lies between 500 
and 1500°K, then the mobility would change by, at 
most, a factor of six in the temperature range investi- 
gated. Reference to Fig. 3 and Fig. 4 indicates that the 
Mai. . . Frederikse and 
tion 
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W. R. Hoslet 


private communica- 


Cronemeyer, Phys. Rev. 87, 876 (1952). 
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conductivity changes by at least a factor of one hundred 
in the same temperature interval. 

The electrical conductivity of a sintered a-Nb.Os 
specimen at oxygen pressures of 0.9 atm and 0.12 atm 
is given as a function of temperature in Fig. 4. The 
temperature behavior of the conductivity for this 
specimen can be expressed by Eq. (1) with essentially 
the same £; however, the values of the conductivity are 
uniformly higher at the lower oxygen pressure. 

The isothermal conductivity of a sintered a-Nb.O, 
specimen was also measured as a function of oxygen 
partial pressure at different temperatures. The oxygen 
pressures ranged from 0.95 atm to 0.002 atm in these 
measurements. The results are given in Fig. 5 in which 
the logarithm of the conductivity was plotted against 
the logarithm of the oxygen partial pressure. The fol- 
lowing empirical relation holds for these data: 


c= Foo" (2) 


It is interesting to observe that linear plots were 
obtained at all three temperatures. 

Because the conductivity increases with decreasing 
oxygen partial pressure, a-Nb2O; can be classified as a 
metal-excess, u-type semiconductor. The metal-excess 
may arise from either oxygen ion vacancies or from 
cation interstitials. Since both of these mechanisms 
create an excess of positive charge, quasi-free electrons, 
in concentrations sufficient to balance this charge, 
must be postulated in order to maintain electro- 
neutrality in the sample. 

Pure stoichiometric a-NbsOs is considered to be an 
insulator since all the electrons are bound tightly in the 
closed shell of either the Nb*+ or O? ions. The allowable 
electron states may be divided up into a full valence 
band representing the anion states and an empty 
conduction band representing the cation states. This is 
shown in Fig. 6(a). The hypothesis of a cation excess 
and associated quasi-free electrons in a-Nb2O; serves 
to introduce a new set of discrete levels below the 
conduction band as is shown in Fig. 6(b). These quasi- 
free electrons would be bound in the field of the centers 
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of positive charge (oxygen ion vacancies or Nb** inter- 
stitials) and would need to acquire additional energy, 
equal to /, or Fy in Fig. 6(b), in order to be excited into 
the conduction band. 

On the basis of the exponent in Eq. (2) and the 
amount of thermal energy available in the temperature 
range 500 to 900°C, it is possible to decide whether 
oxygen ion vacancies or cation interstitials are re- 
sponsible for the metal excess existing in near-stoichio- 
metric a-Nb2Os. 

The equation for the creation of the oxygen ion 
vacancy and the two trapped electrons constituting the 
metal excess may be written™ 


O?2—00)*+ 402, (3) 


where O;?~ is an oxygen ion in a norma! lattice position 
and O[_}* is an oxygen vacancy which has trapped 2 
electrons in its field. 

The two electrons trapped at the oxygen ion vacancy 
may be excited into the conduction band according to 

OLX—07): 0 (4) 

00) =00--+0 (5) 

where O[_}- is an oxygen ion vacancy which has trapped 

one electron in its field, O[]++ is an oxygen ion vacancy 

from which both electrons have been excited, and © is 
an electron in the conduction band. 

If the concentrations of defects produced are small 
and the defects do not interact, the equilibrium con- 
stants for Eqs. (3) to (5) may be written in terms of 
the concentrations, represented by square brackets, 
and Po,, the partial pressure of oxygen. 


Ki= PoJ(OO] (6) 


» _feyon:] (7) 
> (OE 
. [Lolo 
a re Yi }* J 
Substitution of the expressions into the condition of 
electroneutrality 


[o]=2[00- 


leads to the following expression for the change in 
conduction band carrier concentration (and hence 
conductivity) with oxygen partial pressure 


[© P-[O ]KiK2Pos4—2KiK2K3Po;4=0. 


(8) 


-+[00- J (9) 


(10) 

Consider the following two possible limiting cases 
[O }>2K; 
[© ]>2Ks. 


(11a) 
(11b) 


8 The development presented here follows from the general 
ideas of F. A. Kroger and H. J. Vink in Solid State Physics, 
F. Seitz and D. Turnbull, editors (Academic Press, Inc., New 
York, 1956), Vol. 3, p. 307 
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If Eq. (11a) is limiting, then Eq. (10) reduces to 


[O P= Kik2Po,4 


[O]= (Kiks)! Pos", 


12a) 
whereas if Eq. (11b) is limiting, Eq. (10) reduces to 


LO S =2K,K2K3P. - ; 


[O ]= (2KiK2K3) "Po." 
According to Eq. (8), Ks is expressed as 


_ Cello: -] 

(0o0-) = 
Therefore, if [OLj- >2[0C)-- ], then [© }>2K; and 
Eq. (12a) will hold; whereas if 220C)]-- >>[OZ)-] 
then [© ]}«2K; and Eq. (12b) will hold. 

Since Eq. (12a) gives agreement with experimental 
observations as expressed by Eq. (2), this indicates that 
LOL}: >>2L0F)--]. Such a situation would occur if 
E>, and E,>kT [see Fig. 6(b) ], where A; and Fy 
are, respectively, the energies necessary to excite the 
first and second electrons from an oxygen vacancy trap 
and kT is the available thermal energy. 

Unpublished work on reduced specimens of Nb.Os 
by Greener" indicates that for relatively dilute con- 


Ks 


‘| E. H. Greener, Ph.D. thesis, Northwestern University (1960). 
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centrations of defects an activation energy of 0.1 ev 
might be necessary to excite the first electron, and one 
of from 0.5 to 1.0 ev might be necessary to completely 
ionize the oxygen vacancy; however, the thermal energy 
available in the range 500 to 900°C is only about 0.09 ev. 

A similar analysis to that presented above for oxygen 
ion vacancies has been made for the hypothetical case 
of Nb** interstitials. The equations are a great deal more 
cumbersome since there are five equations for the 
excitation of the five electrons from the pentavalent 
interstitial cation. The analysis indicates that it would 
be possible for this model to give Eq. (2) only if the 
excitation of the last two electrons from interstitial 
cations were responsible for the observed change in 
conductivity. This is not likely since the energy re- 
quired to excite the fourth and fifth electrons should be 
very large compared with the available thermal energy. 

Any model which explains the isothermal change in 
conductivity with oxygen partial pressure must also 
account for its temperature dependence, given in Eq. 


, WHITMORE, 


AND FINE 
(1). In near-stoichiometric polar materials with only 
electronic conductivity, there can be two sources of 
conduction band carriers: 

(1) Those arising from intrinsic semiconduction. 
The absorption by an electron in the valence band of 
energy equal to Eg [Fig. 6(a) ] excites the electron 
into the conduction band, leaving an electron hole 
behind in the valence band. The concentration of con- 
duction band charge carriers as a function of tempera- 
ture may be expressed as 


[© J=[O Jo exp(— Eg/2kT) 


where /g is the gap energy, k is Boltzmann’s constant, 
and T is the absolute temperature. 

(2) Those arising from the excitation of carriers 
trapped at defect levels. If it is assumed that the defect 
consists of an oxygen ion vacancy and two trapped 
electrons and that Eq. (12a) holds, then the number of 
conduction band carriers may be expressed as a func- 
tion of partial pressure according to 


[oe ] — KiK2Pos 1 ‘, 


(13) 


(13a) 


However, K, and Ke are temperature-dependent ac- 
cording to 


Ki=Ko, exp(—Wp/kT) 


K.= Ko, exp(— E,/kT), (14) 


where Wp is the energy to create the defect level and Fy 
is the energy to excite the first electron from the oxygen 
ion vacancy into the conduction band [Fig. 6(b) ]. 
Assuming that both processes are responsible for the 
conduction band carrier concentration at thermal 
equilibrium, it seems reasonable to represent that con- 
centration by the sum of Eqs. (12a) and (13). Thus, 


[© }otar=[O Jo exp(— Eg/2kT) 


+Ko,Ko. exp[—Wo+ Fi) /2kT] Po". (15) 


Since the conductivity is experimentally observed to 
be a function of the oxygen partial pressure, the second 
term on the right-hand side of Eq. (15) must be at least 
equal in magnitude to the first term, or, in fact, larger. 
Accordingly, a plot of the conductivity against the 
(—}) power of the oxygen partial pressure should be a 
linear one of slope equal to 


(Ko,Ko,)! exp— (Wp+ Ey) /2kT 


and of intercept equal to [© Jo exp— Eg/2kT. There- 
fore, if the intrinsic contribution is not appreciable, the 
curve should pass through the origin. 

The data presented in Fig. 5 were replotted in this 
fashion in Fig. 7 and it is apparent that extrapolations 
to zero pressure do pass through the origin. Therefore 
any significant contribution from intrinsic semicon- 
16 See, for example, N. F. Mott and R. W. Gurney, Electronic 


Processes in Ionic Crystals (Oxford University Press, London, 
1940), p. 152. 
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duction in the temperature and pressure range investi- 
gated may be ruled out and the variation of the con- 
duction band carrier concentration with pressure and 
temperature may be represented by the relation 


[Oo ]= (Ko,Ko,)' expl— (Wp+ EF) / 2kT |\Po, 4 (15a) 


where (Wp+£,)/2 is the same quantity as the em- 
pirical E of Eq. (1) and assumes the value 1.65 ev for 
the present case. 

A further check on the proposed mechanism can be 
obtained from an analysis of the slopes of Fig. 7. By 
taking the slopes at two different temperatures [as in 
Eq. (14a) ], it is possible to calculate a value for 
(Wp+,)/2. Analysis of the three possible combina- 
tions represented in Fig. 7 yields a value of 2.0 ev. 
Considering that only three temperatures were used, 
the agreement in comparing this with the isobaric 
value of 1.65 ev is satisfactory. Thus two experiments, 
one at constant temperature and the other at constant 
pressure, yield approximately the same value for the 
total energy necessary for the defect creation (oxygen 
ion vacancy+trapped electrons) plus the excitation of 
one of the trapped electrons into the conduction band. 

Since the value of /; is probably very small the 
majority of the measured activation energy is as- 
sociated with Wp. It is interesting to note that the 
assumption of a value of 0.15 ev for Fy; in Eq. (15a) 
yields a value of 3.16 ev for Wp. This value is in close 
agreement with the enthalpy of the reaction 


Nbol Ys *N bol Yy+ 1( Jo: AH = 3.15 ev at 1000°K 


= 3.12 ev at 1200°K (16) 


calculated from the data given by Coughlin" for the 
free energies and enthalpies of formation of NbeQ, and 
Nb2O;. 

Data presented by Earle” on the pressure dependence 
of the conductivity of sintered rutile (TiO.) specimens 
can be successfully interpreted by the method outlined 

16 J. P. Coughlin, Bulletin 542, Bureau of Mines, Washington, 
D. C. (1954). 

17M. P. Earle, Phys. Rev. 61, 56 (1942). 
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above for Nb2O; which led to Eq. (15a) (see Fig. 8 
for a typical plot). It appears that in the temperature 
range 600 to 900°C the conductivity of near-stoichio- 
metric TiO; is also entirely defect-controlled. 

Thus, the authors feel it would be of value to re- 
examine much of the previous work pertaining to the 
electrical conductivity of nonstoichiometric compound 
semiconductors to determine to what extent the 
creation of defect levels and their ionization is re- 
sponsible for the observed conductivity. 
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Monte Carlo Computations on the Ising Model. The Body-Centered Cubic Lattice 
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The Monte Carlo method of computation has been used to obtain some equilibrium properties of bcc 
binary. solid solutions whose atoms interact according to the Ising model. Four cases have been treated: (a) 
N=128, c=}, (b) N=1024, c=}, (c) N=1024, c=3/8, and (d) N=1024, c=} (N being the total number of 
atoms and c the fraction of one kind.) In all cases the heat capacity has a well-defined maximum. At the 
equiatomic composition, the height of this maximum is greater in the larger crystal. Discontinuities in 
thermodynamic properties were not observed, and it seems reasonable that the order-disorder transition 
in an infinite crystal would be characterized by an infinite heat capacity as calculated by Onsager and 
others for two-dimensional crystals. Comparison of the results with experimental properties of B-CuZn 
suggests a remarkable applicability of the Ising model to this system. The potentialities and limitations 


of the Monte Carlo method for systems with phase transitions are discussed. 





T is widely believed that the Ising model provides 

a useful framework for the understanding of order- 
disorder phenomena in metallic solid solutions. When 
the basis for this belief is examined in detail,! it is found 
that there is rather poor quantitative agreement be- 
tween experiment and the properties calculated from 
the model by various mathematical approximations 
However, the extent to which these discrepancies point 
to defects in the model is ambiguous, since the ap- 
proximate results are known to differ considerably, and 
even qualitatively, from the exact solutions for plane 
lattices.” As the analytical solution to the statistical 
mechanical problem for three-dimensional lattices may 
still be far away, there is an immediate interest in 
reliable estimates of the properties of Ising systems. 
The Monte Carlo method? using digital computers is a 
natural one to apply for this purpose, in view of the 
discrete nature of the coordinates and spectrum. This 
has occurred to a number of people, and calculations 
have been carried through for the two-dimensional case 
by Salsburg et al.4 and by Fosdick®; the three-dimen- 
sional case has been treated by Fosdick,® for the fec 
lattice, and by Flinn et al.,’ for the bec lattice. The last 
investigation’ was of interest to me in connection with 
the behavior of the iron-aluminum system, but it 
seemed that to obtain useful results it would be neces 


sary to change certain details of the computation, and 


of course to extend it to include compositions other 


* Present address: Solid State Science 
National Laboratory, Argonne, Illinois. 

1L. Guttman, in Solid State Physics 
New York, 1956), Vol. 3, p. 146. 

2G. F. Newell and E. W. Montroll, Revs. Modern Phys. 25, 
353 (1953). 

3N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. 
Teller, and E. Teller, J. Chem. Phys. 21, 1087 (1953). 

4 Z. W. Salsburg, J. D. Jacobson, W. Fickett, and W. W. Wood, 
J. Chem. Phys. 30, 65 (1959). 

é . Fosdick (private communication). 

. Fosdick, Phys. Rev. 116, 565 (1959). 

7P. A. Flinn, G. M. McManus, and F. J. O’Meara (private 
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than the ideal 1:1. The results of this extension are 
described below. 


COMPUTATIONAL METHOD 


In the general Monte Carlo method of Metropolis 
et al.,’ the equilibrium properties of a system are esti- 
mated by averaging over a sequence of microscopic 
states generated as follows: With the system in some 
state, a tentative transition to a nearby state is se- 
lected by a random process. The corresponding energy 
change AF is calculated and the next state of the 
sequence is the new state or the old one according to 
whether or not exp(—AFE/kT) >¢, where ¢ is a number 
chosen at random in the interval (0, 1). The taking of 
averages begins when it is judged, essentially sub- 
jectively, that the influence of the starting configuration 
is negligible; the sequence is terminated when it is 
judged, again subjectively, that the gain in precision of 
including more states is not worth the computational 
cost. It has been shown®® that averages so taken con- 
verge in the limit of infinitely long sequences to the 
equilibrium properties of the system, provided that the 
random process is capable of leading to all possible 
microscopic states. Since the systems that can now be 
handled by computers are very small, there is an al- 
together separate problem of extrapolating their 
properties to the macroscopic limit. 

The specific system under consideration contains 
atoms of two kinds, A and B, in fixed numbers, V4 
and Nx, located on the lattice sites of a bec crystal. 
A microscopic state is completely described by giving 
the kind of atom occupying each site, and its energy is 
taken to be 


= —vnap, 


where v is a constant and ap is the number of pairs 
of unlike nearest-neighbor atoms. Four cases have been 


8 W. W. Wood and F. R. Parker, J. Chem. Phys. 27, 720 (1957). 


1024 





MONTE CARLO 


considered: 
la Na = Neg = 128. 
(b) Na=Na=5122 


(c) Na=384, Np=640. 


(d) Na=256, Np=768. 


In all cases the crystal is a cube, containing 7* unit cells, 
with n=4 in (a), and m=8 in (b)=(d). To minimize 
surface effects, periodic boundary conditions are used, 
i.e., the system is surrounded on all sides with copies of 
itself. 

Each lattice site is represented by a location in the 
memory of a digital computer (here an IBM 704). 
The location is assigned a one or a zero, corresponding 
to occupation of the site by an A or a B atom. A pair 
of lattice sites is chosen at random; if the sites contain 
identical atoms, another pair is selected. When the 
two sites are differently occupied, the eight nearest 
neighbor sites of each are examined. Suppose there are 
maa A atoms neighbor to the A atom, and map A 
atoms neighbor to the B atom. Then interchanging this 
pair of atoms would effect an increase Avag in the 
number of unlike pairs given by 


Anap=2(maa—maptd), 


where 6 is unity if the sites in question are themselves 
nearest neighbors, and zero if they are not. If Anap>0, 
the interchange is carried out. If Anap is <0, the 
Boltzmann factor 


f=exp[(v/kT) Anas | 
is compared with a random number ¢, 0<¢<1; if 
f=6, the interchange is carried out; if f<¢, the original 
state is retained. 

At the very beginning of the computation, the system 
is assigned a configuration of known energy —7,p°?. 
The energy /; of any subsequent state is known from 
the cumulative effects of the allowed interchanges. 
Account is thus kept of 


? 
—E; U= (NaB) j =nap’+ >_Anap, 


from which one can compute 


m{— E/v) y= >> (map), 
1 


and 


m{(— E/v)*)w= >, (nap) ?, 
1 


where m is the number of states in a sequence. Certain 
other properties are also counted: The long-range order 
® Owing to an error in the input configuration, N, was actually 


510 and Ng 514; in the following, it has been assumed that the 
results for this case differ negligibly from those for Na=Np=512. 


COMPUTATIONS 


ON THE ISING MODEL 1025 
is measured by R, the number of A atoms on unit cell 
corners; this number is known initially, and the 
cumulative effects of allowed interchanges are easily 
counted. It is also possible to measure the average 
number of /riplets of sites occupied in either of two 
ways. The three sites are in the form of an isosceles 
triangle, two of whose sides are nearest-neighbor bonds, 
the third being a cube edge. The apex site may be 
either one of the pair involved in a tentative inter- 
change; if it is found that two of its neighbors sepa- 
rated by a cube edge are both A atoms, a counter is 
increased by unity. There are two such counters, 
one of them being incremented if the central atom is an 
A, the other if it is a B. In this way, one counts triplets 
of the type A-A-A or of the type A-B-A. This counting 
is incomplete, in that for each state only two atoms are 
examined, and even for these only one triplet is tested 
of the 12 in which the atom is central. Nevertheless, it 
seems obvious that the average values of these counters, 
suitably normalized, are equal to the probabilities of 
finding the corresponding triplet configurations at 
equilibrium, since the atoms are chosen at random, 
and since the 12 triplets are equivalent in a crystal of 
cubic symmetry. 

At the beginning of a computation the computer 
memory contains the stored program, an initial lattice 
configuration, its energy (actually map/2) and its long- 
range order, a series of “temperatures” at which com- 
puting is to take place, and a short table of nine- 
decimal random numbers. The (pseudo) random 
numbers needed for ¢ and for selection of sites are 
generated by the middle-square process*; occasionally 
this process produces a number identical to the pre- 
ceding number, and this number would then repeat 
indefinitely; whenever this occurs, the program starts 
a new sequence using one of the numbers in the table. 

The table of ‘‘temperatures” is actually a table of 
Boltzmann factors 

fir=exp(—2v/kT) 
for the loss of two unlike pairs. At each value of 0/&T, 
the program computes and stores the first eight powers 
of fi; computation of the factor 


f=expl(v/kT) Anas | 


for 0>1/2(Anay) > —8 reduces simply to selection of 
the corresponding power of fi. 

The generation of states proceeds at the first tem- 
perature until a predetermined number of interchanges, 
usually 1000, has been attempted. A record is then 
made of the instantaneous values of 37,4, and R, and of 
the various totals 


1000 1000 1000 


1° (nas) j, 1° (mas) 7, Li; 


1 1 1 


and the triplet counters. The totals are then reset to 
zero, and another sequence of 1000 attempted inter- 
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changes is started. When a predetermined number 
(usually 16 or 25) of such sequences has been com- 
pleted, an image of the last configuration is recorded, 
the next value of fi is selected, and the whole computa- 
tion begins anew. By arranging the temperatures in a 
rising or falling series, and by using the last configura- 
tion at one temperature as the first configuration at the 
next temperature, the effect of the starting configura- 
tion is minimized. The computation stops automatically 
when the table of “‘temperatures” is exhausted. 

For equal numbers of A and B atoms, a pair of sites 
contains like atoms as often as unlike, so that on the 
average only every other pair selected is examined 
further. The average time to select two pairs and 
attempt the interchange of one of them is about 
12 msec. This time includes only three multiplications, 
most of the remainder consisting of logical and control 
operations. The IBM 704 operation called AND 
(‘logical sum”) is particularly useful in determining 
the state of occupancy of individual sites. 


TREATMENT OF DATA 


The presentation of the results of the computation 
must be prefaced by some discussion of how to proceed 
from the raw computer output to estimates of equi- 
librium properties. It will be seen that the present 
results are subject to considerable imprecision, which 
could be reduced substantially only by a costly in- 
crease in total computation time. 

The averages of properties over a number of states 
as small as 10* show appreciable fluctuations. Generally, 
these fluctuations are superimposed, near the start of 
computation at a given temperature, on a transient 
drift whose duration is greater the larger the system, 
the larger the temperature difference from the previous 
temperature, and the lower the temperature. Moreover, 
ordering is observed to proceed more slowly than 
disordering, other conditions being equal. The first 
subjective judgment that arises, therefore, is to decide 
at what point in the computation the effects of the 
initial state have become small compared to the random 
fluctuations; if this point is taken too early, the averages 
over the subsequent states are not entirely typical of 
equilibrium; if it is taken too late, the averages will 
include too few states and precision will be lost. The 
problem of separating the initial trend from the 
equilibrium fluctuations is complicated by the fact that 
the fluctuations themselves vary in size with tempera- 
ture. This is readily seen from the relation" 


C= (1/RT*) ((E?)w— (Ew), (1) 


where C is the heat capacity. In the present case, the 
heat capacity has a steep maximum at the order- 
disorder transition temperature, so that the energy 


is subject to the greatest fluctuations in the most 


10 FE. Schrédinger, Statistical Thermodynamics 
University Press, New York, 1952). 
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interesting range. In this range one cannot hope to 
evaluate equilibrium properties merely by averaging 
over a few states after the decay of the initial transient. 

On the other hand, the heat capacity can be esti- 
mated independently from the energy fluctuations and 
by differentiation of the average energy. Agreement 
between these values indicates that the sampling of 
states has been adequate. This is the reason for in- 
cluding a calculation of the energy variance in the 
program. 

In the present computations, preliminary runs gave 
some idea of the length of time to reach equilibrium 
and of the most interesting temperature region in each 
of the four cases. The temperatures and the numbers 
of interchanges to be attempted were selected accord- 
ingly. For a fixed total computation time, it seemed 
more economical to approach equilibrium from only 
one direction at each temperature. Therefore, there are 
no duplications of temperatures in the ‘“‘heating” and 
“cooling” series, reliance being put instead on the 
general agreement between the results of the series of 
both kinds. 

The decision of how many states to discard at the 
start of each temperature was made as follows. The last 
one-fourth to one-half of the states were assumed to 
be typical of equilibrium, and from them estimates 
were made of average properties and, crudely, of their 
variances. The initial states were then discarded up to a 
point at which the energy was safely within one stand- 
ard deviation of the later average, and the other 
properties appeared also to have reached equilibrium 
values. In the smaller crystal [case (a) |, these criteria 
were satisfied very quickly; even the biggest drop in 
temperature (30%) was established after less than 
2000 interchanges. The results for this case are based 
on samples ranging from 31000 to 62000 states. In 
the larger crystals [cases (b)-(d)], many more 
interchanges were needed, of course, to erase the 
effects of the initial state, the number of states dis- 
carded being at least 5000 and sometimes as large as 
30 000. The results for these crystals are based on 
samples ranging from 35 000 to 100 000 states at each 
temperature. 

RESULTS 


Averages of van, Map’, of R, and of the triplet proba- 
bilities, denoted by Paya and Papa (Paaais, in the limit, 
the fraction of all triplets which are made up of three 
A atoms; Papa, Paspe+* are similarly defined), were 
calculated at a number of temperatures for each of the 
four systems investigated. 


A. Thermal Properties 


Since only nearest-neighbor interactions are being 
considered, the energy is given by the number of 
nearest-neighbor pairs 7p, or more conveniently, since 
it is independent of the size of the system, by the 
short-range order parameter{for nearest{neighbors o 
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Fic. 1. Short-range order parameter o vs reduced inverse temperature v/kT, case (a) (V=128, c=}). 


defined by! 


NaB—Nap(random) 
o> rs , 
nan(perfect order) —7,pn(random) 


which varies from unity at T=0 to zero at T=, 
For N atoms in the ratio c:1—c, 


nap(random) =2Nc(1—c), 


(sz, the coordination number, is 8 for the bcc lattice), 
and 


nan(perfect order) =2Nc, cS. 


The values of o for the four cases considered are shown 
in Figs. 1-4, with curves intended to represent their 
over-all behavior. The statistical errors in these 
values allow a rather large latitude in drawing these 
curves. They have been drawn as smoothly as possible, 
with no intentional discontinuities in slope. In addition 
to the results of the Monte Carlo calculation, use was 

4 The error limits in Fig. 1 are standard deviations, estimated 
from the observed inverse proportionality of the variance of the 
mean to the sample size. In the larger crystals, the correlations 
between states persist too long to enable this estimate to be 


made, and the precision of o in these cases can be judged by the 
deviations from the smooth curves. 


made of the series expansions,” valid at extreme tem- 
peratures for c=}. For other compositions, there 
is available only the quasi-chemical expression valid 
at very high temperatures, 


do/dx=2(1—c)? (x= 0/kT). 


The heat capacity can be calculated from the expres- 
sion 
C/Nk=202x"7(do/dx). 


Values of o were read from the curves of Figs. 1-4 at 
intervals of 0.01 in x, and a table of differences was 
prepared. Here and there the values were adjusted by 
one or two units in the third decimal place to give 
smooth second differences, and the derivative do/dx 
was calculated from the central-difference formula. 
Figures 5 and 6 show the heat capacity for the four cases. 

The entropy difference between two temperatures is 
given by 


T2 72 
(AS/Nk)=(1/Nk) | (dE/T)=—2e / xdo 


Ti a1 


zr | 
= cel X01— naort | odx ; 
z1 } 
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Fic. 2. Short-rat 
so that the entropy at a given temperature can be 
calculated if it is known at any other temperature. 
The entropy is known exactly at 7= « (~=0), since the 
solutions are random, and 


S(T= a VI/Na!N3!), 


which is, for large V, 


S=—Nk(c Inct+ (1—c) In(1—c) ]; 


for V=128, Stirling’s formula in the form 
InN !=N InV—N-+3 |n2xN 


gives, for c=}, a value of the entropy about 3.0% less 
than Nk In2. 

At T=0, and c=3, a perfectly ordered state of zero 
entropy is attained. At any other composition, the 
ground state is degenerate. For compositions not too 
far from c=}, most of the states of lowest energy are 
obtained by filling one sublattice with the majority 
atoms and distributing the other half of the atoms 
randomly on the other sublattice. The entropy is then 


S(T=0) =k In[(N/2) !/Nal(BN—Na)!] 


= —4$NR[2c In(2c) +(1—2c) In(1—2c) ]. 


ge order parameter o vs reduced inverse temperature v/k7, case (b 


| | 


(N = 1024, c=}4). 


The difference between S(*) and S(O) is a further 
check on the curves of Figs. 1-4, as shown in Table I. 
The agreement is satisfactory in all but case (d), 
where the discrepancy of about 0.02 suggests that the 
heat capacity does not fall at low temperatures as 
rapidly as the extrapolation in Fig. 6. 

Values of the entropy at intermediate temperatures 
were computed by numerical integration, assigning 
the theoretical value to S( T=). Figure 7 shows the 
results for cases (b)—(d); those for case (a) are not 
different enough from those for (b) to be worth ex- 
hibiting. 


B. Distribution Functions 


The long-range order parameter S was calculated 
from 
S= | (2R/Nc)—-1 


where & is the number of A atoms on corner sites. This 
function is symmetrical about the point R=Nc/2, 
reflecting the symmetry between cell corners and cell 
centers. One would expect the equilibrium values of R 
to be distributed symmetrically about Nc/2, with a 
single central maximum in the disordered state, and 
two maxima in the ordered state. When the degree of 
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long-range order was high, it was found that the 
systems remained for long times in states with R on one 
side of Nc/2, so that Sy could unambiguously be 
calculated from Ry. At higher temperatures, and 
especially for case (a), more and more frequent transi- 
tions were observed between the region of high R 
and that of low R, so that a simple average of R would 
have led to an underestimate of S. It was sometimes 
possible, however, to select sequences of 1000 states in 
which R was clearly different from its random value, 
and to estimate S from these states. The value so 
obtained is obviously an overestimate, but not a bad 
one for the larger crystals over an interesting tempera- 
ture range. 

The results for case (b) shown in Fig. 8 are typical 
of those for other systems. 

The distribution of pairs of two kinds of atoms is 
completely specified by the composition c and a single 
probability, conveniently given in terms of a short- 
range order parameter o,. The parameter for nearest 
neighbors o:=0 has been discussed in the previous 
section. The parameter for next-nearest neighbors a2 
was not sampled directly, but can be calculated from 
the triplet probabilities Papa and Paaa using the 





v/kT 


Short-range order parameter o vs reduced inverse temperature v/kT case (c) 


N=1024, c=3/8). 


relation 


o2= (Paa’/c?) —1=[(Pasat Paaa)/c? J—1, 


where Paa’ is the probability of finding two A atoms 
separated by a cube edge. Although these results are 
available, it did not seem worth the space necessary to 
give them in detail. 

There are six different ways” of filling ‘hree sites with 
two kinds of atoms, but only two of the probabilities 
are independent if the composition and one short-range 
order parameter, say o, are known. One can easily 
derive the four conditions: 


Pansat Paast Paas=c, 
Pssst Pasat Pasa=1—c, 
Pasa— Ppas=}(Paas— Pepa), 
2Papat+ Paap+2Ppap=2Pan=4e[o+ (1—c)c], 


which suffice to determine the entire triplet distribution 
from measurements of any two probabilities, e.g., the 
observed values of Papa and Paaa. However, as 


12 Neglecting the existence of long-range order; see the following. 
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for o2, it was not thought worth taking the necessary 
space to present all these values. A partial discussion is 
given in the next section. 

In, the special case c 


5, the symmetry between A 
and B gives another relationship between the triplet 
probabilities. The observations can then be checked 
through the equation 


. 


) 


o/2= Papa— Paaa; 


the mean deviation from this equality was 0.0036 in o 
in case (a) and 0.005 in case (b). 


DISCUSSION 
A. Thermodynamic Properties 


The most important thermodynamic questions relate 
to the behavior of the energy at the order-disorder 
transition. The author has been influenced in this 
respect by the exact results in two dimensions? and by 
Wakefield’s conjecture® for the simple cubic lattice, 
which agree in pointing to the specific heat becoming 


\. J. Wakefield, Proc. Cambridge Phil. Soc. 47, 419, 799 
1951). 


t 


v/kT 


Fic. 4. Short-range order parameter o vs reduced inverse temperature v/kT case (d) (N=1024, c=} 


infinite at the transition temperature. The energy (or 
short-range order) as a function of temperature for an 
infinite crystal then has a vertical tangent at one 
point, but no finite vertical portion (giving a latent 
heat as in a classical first-order transition) or dis- 
continuity in slope (as in a classical second-order transi- 
tion).'* The smoothness of the curves in Figs. 1-4 
reflects in part this prejudice about the behavior of 
infinite crystals; however, there is no evidence in the 
Monte Carlo results of any discontinuities whatever, 
and this in itself is sufficient reason for plotting the 
energy function in this way. 

In any event, discontinuous behavior is a property of 
infinite crystals, and intimations of it should appear 
only in very much larger systems than those investi- 
gated here. This can be seen in the results of Onsager" 
who has obtained some properties of finite plane 
crystals, as well as those for the limit of N—>~ ; for the 
maximum heat capacity he finds 


Cmax/ NR= 0.495 Inn+0.188, 


where 7? is the number of unit cells. Assuming the same 


4G. H. Wannier, Revs. Modern Phys. 17, 50 (1945). 
1 L. Onsager, Phys. Rev. 65, 117 (1944). 
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pacity C/Nk vs reduced 
temperature k7'/v, case (a) C 


FLUCTUATIONS 


N=128, c=}). Solid curve 10 
obtained by numerical dif- Nk ‘ 
ferentiation of average 
energy. Points obtained 
from observed energy fluc- 
tuations at equilibrium. 


























Fic. 6. Reduced heat 
capacity C/Nk vs reduc- 
ed temperature kT/2, 
cases (b)-—(d) (WV = 1024, 
c=4, 3, 4). Curves 
obtained by numerical 
differentiation of aver- 
age energy. Points ob- 
tained from observed 
energy fluctuations at 
equilibrium. 
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kT/v 


;. 7. Reduced entropy S/Nk vs re 


luced temperature k7'/2 
d) (VN=1024, c=}, 3, } 


form for the three-dimensional case, one finds 
Cmnax/ NR=0.29 Inn+1.19 


from the values Cmax/NR of 1.59 (n=4) and 1.79 
(n=8). The constants are, of course, not very precise, 
and there is no check on the functional dependence, 
but their values are not unreasonable.'® A graphical 
comparison of the Monte Carlo results at the equi- 
atomic composition with those of Onsager® for the 
infinite, plane Ising crystal is made in Fig. 9. The 
ordinate for the two-dimensional case has been multi- 
plied by the appropriate factor to make the total energy 
increment the same as for the bcc case. Allowing as well 
as*one can for the effect of finite crystal size, it seems 
that in the three-dimensional case the bulk of the 
anomalous heat capacity lies below the critical tem- 
perature, rather than above it as in the two-dimen- 
sional case. 
TABLE I. Con 


) ris n be tw we | 
paris mn i we 
value from nu 


theoretical entropy increment and 
al integration. 





AS/Nk 


Theoretical Numeric: 





128 : 0.676 


1024 


0.685 


0.693 0.693 


1024 0.380 0.377 
1024 


y analogy with two-dimensional crystals, one would expect 
a linear dependence on Inn only for rather larger n, and only a 
somewhat slower increase in the range n=4 to 8. [See H. A. 
Kramers and G. H. Wannier, Phys. Rev. 60, 263 (1941); also 
S. Katsura, Progr. Theoret. Phys Kyoto) te 476 (1954) ]. 


Taste II. Summary of thermodynamic properties at the critical 
temperature. 








N ; ) Cc Cmax/Nk Se/Nk 








128 4 3.02 0.454 
1024 3.03 


0.451 
0.425 119 


1024 .70 0.580 04 


0.486 
0.497 
1024 .76 0.749 .39 





0.446 





The individual points plotted in Figs. 5 and 6 are the 
values of the heat capacity obtained from Eq. (1). 
The agreement between these and the derivative of the 
energy in case (a) indicates that equilibrium had been 
substantially reached, and that the important range of 
microscopic states was adequately sampled for this 
system. This was clearly not the case for N=1024, 
the fluctuations being generally too small. The fact that 
the number of states sampled for crystals containing 
1024 atoms was too few for a proper estimate of the 
energy fluctuations means that the average energy of 
these crystals is also not quite as well estimated as 
that of the crystal containing 128 atoms. In spite of 
this, the results for the larger crystals are useful to 
indicate the effect of crystal size, at c= 4, and because 
the “transition” temperatures at other compositions 
are better defined the larger the system. 

In cases (b)-(d), attention should be drawn to the 
rapid fall in the maximum heat capacity with increasing 
deviation from the ideal composition, and the simul- 
taneous decrease in the transition temperature. The 
values of k7./v for all compositions are much lower 
than those calculated from the quasi-chemical approxi- 
mation,” and the ratios 7.(c)/T.(4) are also lower, 
i.e., the ordered region of the phase diagram is narrower 
than calculated from this approximation. 

The “‘critical properties” of the various systems are 
summarized in Table II, and in Table III the Monte 


TABLE III. Comparison of Monte Carlo values for infinite crystal 
(c=4) at the critical temperature with various approximations. 








Source kT./1 Cunel INE S./Nk 


Monte Carlo 3.03 0.495 


Bragg-Williams*» 0.693 


$ 
Quasi-chemical*» 3.4 : ; 0.652 


Kurata ei al.' 


Domb4 








b T, Muto and Y. Takagi, in Solid State Physics (Academic Press, Inc., New 
York, 1955), Vol. 1, p. 194. 

©M. Kurata, R. Kikuchi, and T. Watari, J. Chem. Phys. 21, 434 (1953). 

4C, Domb, Compt. rend. reunion ann. avec comm. thermodynam. union 
intern. phys. (Paris). Changements de phases, 177 (1952). 


17R. Fowler and E. A. Guggenheim, Statistical Thermody- 
namics (Cambridge University Press, New York, 1949); Eq. 
1318, 5, p. 582. 
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vs reduced temperature kT/v, case (b) S 
(NV = 1024, c=4). 
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Fic. 9. Reduced heat ca- | 
pacity C/Nk vs reduced tem Fj 
perature 7/7’, for bec crystals ian INFINITE 2 - DIM. 
at ideal composition [cases (a) 
and (b) ], compared to that of 
infinite square two-dimen- 
sional crystal (Onsager!®). Or 
dinate in last case is adjusted 
so that the total energy incre- 
ment is the same as in the 
other two. 
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Fic. 10. Experimental re- 
duced heat capacity C/Nk of 
B-CuZn (Moser'’) vs absolute 
temperature 7 (points and 
broken curve) compared with 
Monte Carlo results, case (b) 
(solid curve). The two curves 
have the same areas up to 
their respective maxima. 








Carlo values at the ideal composition, extrapolated to 
N=, are compared to those calculated for this case 
by various approximate methods. The assumption has 
been made that kT./v, o- and S./Nk vary linearly with 
N-' InN, as Onsager® found for the first of these in the 
two-dimensional case. The values in the last line of this 
table were obtained by Domb by estimating the 
asymptotic behavior of the exact series expansions of 
the partition function, and should be the most accurate. 
The agreement with the Monte Carlo results is fairly 
good, and would be improved if the critical properties 
varied faster with crystal size than has been assumed 
here. 

Quantitative comparison of the present results with 
experiment may be of some value if one keeps in mind 
that the properties in the limit Y= are quite un- 
certain. The experimental heat capacity of 6-CuZn 
(in excess of that of }Cu+3Zn) is shown in Fig. 10, 
together with the Monte Carlo heat capacity for case 
(b). The absolute temperature scale for the latter was 
determined so that the areas under the curves up to 7, 
were the same; this gives a v/k of 241°K, or Nv=480 
cal/g atom for 6-CuZn. The ordering temperature is 
then calculated to be 730°K (737°K, observed). The 
experimental value of S,/Nk, viz., 0.51, is also close 

18H. Moser, Physik. Z. 37, 737 (1936). 


| 
800 


1000 


to the extrapolated Monte Carlo value of 0.495 (inde- 
pendent of v.) The concordance of these values, and the 
similarity shown in Fig. 10 (when allowance is made 
for the sharpening of the Monte Carlo curve with 
increasing crystal size) indicate either a nearly in- 
credible applicability of the Ising model to 8-CuZn, or, 
much more likely, a fortuitous cancellation of other 
influences on the behavior of the real system. 

It does not seem useful to compare the Monte Carlo 
results with the observed” short-range order coefficients 
of 6-AgZn because the latter are not known to better 
than 25%. 


B. Distribution Functions 


As mentioned earlier, the long-range order parameter 
S is somewhat overestimated at high temperatures. 
Nevertheless, it seems certain, as shown in Fig. 8, 
that the “long’’-range order is nonvanishing even 
somewhat above the temperature at which the heat 
capacity is greatest. This phenomenon is undoubtedly a 
property of small systems; when, as here, the maximum 
possible distance between sites is less than ten times the 
distance between neighbors, there is still some correla- 
tion between the ways distant sites are occupied at 


T/T—&1.2. Presumably, with increasing size of crystal, 


19, Suoninen and B. E. Warren, Acta Met. 6, 172 (1958). 
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Fic. 11. Triplet probabilities 
Paaa and Papa vs reduced in- 
verse temperature v/kT, case 
(b), (W=1024, c=4). Points 
are Monte Carlo results, curves 
are calculated from “superpo- 
sition approximation” from ob- 
served short-range order, Eqs. 
(2), or observed short-range 
and long-range order, Eqs. (3). 


PAAA 
05 





— —— Eq. (2) 
—— Eg. (3) 








the range above 7, where S is nonvanishing would 
shrink, and, in the limit VN, the long-range order 
would vanish just at the temperature of infinite heat 
capacity. Local properties, such as the energy, are 
presumably much less sensitive to crystal size, and are 
therefore more nearly comparable with experimental 
measurements, within the limitations 
previously. 

The /riplet probabilities, Papa and Paaa, being local 
properties, could profitably be compared with experi- 
mental values if they existed. Regrettably, no way of 
measuring them has yet been devised. An instructive 
comparison is that between the Monte Carlo values 
and those computed on the assumption of independent 
pairs (‘‘superposition approximation.”’) The simplest 
assumption, namely, that all AB pairs are equivalent, 
leads to the equations 


emphasized 


Papa=[c'/(1—c) J[o+ (1—c) /c) P (2a) 


Paaa=c(1—¢) 2. (2b) 


If the existence of long-range order is taken into 
account, there are two kinds of AB pairs, and the 
expressions for the triplet probabilities become much 


more involved. For ¢=}, Eqs. (2a) and (2b) are 


v/kT 


replaced by 
Papa=[(1+0)?—4S%e ]/8(1— S?) 
Paaa= (1—o)?/8(1— S), 


which reduce to the preceding expressions for S=0. 
These expressions are plotted in Fig. 11, for comparison 
with the Monte Carlo results for case (b). Clearly, 
recognizing the presence of long-range order does much 
to improve the superposition approximation. The 
Monte Carlo results are generally higher than the 
values computed from either Eqs. (2) or (3) for Pasa 
and Papa. This means that an atom has two neighbors 
unlike itself more often than would happen if the 
distribution of pairs were random; in other words, 
there is a “clustering” of order. Similarly, every atom 
has two neighbors /ike itself more often than would be 
expected from a random disiribution of pairs, and there 
is a “clustering” of disorder. It follows directly that 
triplets like ABB, in which there are one “‘right”’ pair 
and one “wrong” pair, occur less frequently than 
expected. This is just what would be anticipated in 
view of the cooperative nature of the transition. The 
use of an additional parameter (the long-range order), 
in the ordered state, supplies nearly all the information 
needed to describe the clustering. Actually the dis- 
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ordered state is nearly as complicated, especially near 
the transition temperature; this was pointed out by 
Wannier" and is evident from Fig. 11. 

The short-range order parameter for nearest neigh- 
bors o, has already been sufficiently discussed in con- 
nection with the thermodynamic properties. 


CONCLUSIONS AND PROSPECTS 


The Monte Carlo computations point to the exist- 
ence of an order-disorder transformation in binary solid 
solutions of the kind treated, namely, those following 
the Ising model and based on a bcc lattice. The transi- 
tion temperature is 7,=3.03 v/k at the ideal composi- 
tion, and the heat capacity has an asymmetrical maxi- 
mum whose height increases with crystal size. At this 
composition, the crystal still has about 42% of its 
nearest-neighbor order at the transition, and its en- 
tropy is about 0.5 Nk. The small three-dimensional 
crystals treated seem to differ from infinite square 
planar crystals in having a larger fraction of their 
total energy increase below the transition temperature. 

The heat capacity of B-CuZn resembles qualitatively 
the computed heat capacity of these small crystals, 
and the resemblance may be expected to grow with 
increasing crystal size. There is good agreement be- 
tween the values of v computed from the transition 
temperature on the one hand, and from the energy 
increment up to 7., on the other. The simplest Ising 
model therefore seems to be adequate as a description 
of 8-CuZn, although caution is indicated in this respect 
by the knowledge that further influences ought to be 
considered (cf. the next paragraph but one). 

The utility of the Monte Carlo method is well 
exemplified by the present work, but so are its limita- 
tions. With moderate effort it is possible to compute the 
properties of small systems fairly precisely. Many of 
the present results could have been predicted qualita- 
tively, but it is nevertheless instructive to see them 
emerge from the simple model. The systems treated 
here are large enough to show cooperative behavior, 
but only just large enough. Faster computers will allow 
larger systems to be handled, of course, but it is at least 
questionable whether this would lead to much better 
understanding. For example, one of the motivations 
for the present work was the hope of calculating the 
form of the iron-aluminum equilibrium diagram (in 
which system there must be also next-nearest neighbor 


GUTTMAN 


interactions on the Ising model), with special atten- 
tion to the order of the transitions. In the light of the 
experience described the prospects for this program are 
rather dim: the diffuseness of the transition at com- 
positions other than the ideal one, and the obvious 
effect of size on the long-range order, would make it 
hard even to locate transition temperatures as a func- 
tion of composition. To go further and predict whether 
infinite crystals would have first or higher order transi- 
tions seems hopeless at present. Only in very much 
larger crystals would one expect a well-defined latent 
heat with an attendant discontinuity in long-range 
order and coexistence of ordered and disordered phases, 
since these effects will only appear when the inter- 
facial free energy is a small enough perturbation. 

Neither does it seem profitable to refine the Monte 
Carlo computations merely by the introduction of 
interactions with more distant neighbors, in an attempt 
to get quantitative agreement with experiment in 
particular systems,® unless at the same time the effects 
of crystal size are somehow included. It should also be 
kept in mind that the variations of interatomic dis- 
tances in real solid solutions with temperature, com- 
position and state of order lead to easily measurable 
changes in the vibrational spectrum and presumably 
to corresponding effects on the cooperative behavior. ' 
It is therefore somewhat academic to go very far in 
improving the precision of Monte Carlo computations 
on the Ising model with constant interactions. 

The usefulness of the Monte Carlo method seems 
therefore to be not so much in the precise numerical 
results that it provides, as in the physical insight it 
affords into the behavior of systems with strong inter- 
actions. Thest insights are not only immediately 
satisfying, but may also suggest directions for im- 
provements in theoretical treatments. 
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The approximate theory of the three-dimensional hard sphere fluid developed by Reiss, Frisch, and 
Lebowitz has given astonishingly good predictions with little labor. In an attempt to investigate the reason 
for this result we adduce, in this paper, further evidence for the internal consistency of the approximations 
of this theory. Thus it is noted that the same equation of state of hard sphere fluid is obtained when one 
used the “integral condition” as when the “infinity condition” is used. We have then applied the theory to 
study the thermodynamic properties, in particular the equation of state, of the rigid sphere fluid in two 
and one dimensions. The approximate equation of state of the two-dimensional rigid sphere fluid is in good 
agreement over the range of fluid densities with the results of the machine Monte Carlo calculations by 
Jacobson and Wood and dynamical machine calculations of Wainwright and Alder. The exact Tonks’ 
equation of state of the one-dimensional rigid sphere fluid is derived in a particularly simple manner. 


I. INTRODUCTION 


HE thermodynamic properties of systems of par- 

ticles interacting only with rigid core repulsive 
forces are determined completely by the value of certain 
contact correlation functions. Reiss, Frisch, and 
Lebowitz! (hereinafter referred to as I) have recently 
made significant progress in the theory of such systems 
by focusing attention on these required unknowns, 
rather than attempting to determine all the informa- 
tion contained in the full radial distribution function. 
The theoretical basis of I has been viewed in a some- 
what different manner and extended to provide the 
basis for the treatment of real fluids in a paper by 
Helfand, Reiss, Frisch, and Lebowitz.? Unfortunately 
these investigations do not seem to supply the complete 
reason why these simple theories make as accurate 
predictions as they do. A very partial answer to this 
question, which we obtain in the first part of this 
paper, is that there exists further evidence of the inner 
consistency of the theory as developed for three- 
dimensional fluids. In the attempt to investigate fur- 
ther this question we consider in the main part of this 
paper the extension of the theory to two and one 
dimensions to see how well and possibly why it works 
in these cases. 

The basic technique is to define a function G(A, p) 
such that pG(A, p) is the density of rigid sphere mole- 
cules of diameter @ in contact with a single “solute” 
sphere (this single particle may, alternatively, be 
viewed as a hole) of diameter 6, where \a=}(a+6) 
and p is the particle number density (V/V in three 

* Supported by the Air Force Office of Scientific Research. 

1H. Reiss, H. L. Frisch, and J. L. Lebowitz, J. Chem. Phys. 
31, 369 (1959). 


2E. Helfand, H. Reiss, H. L. 


Frisch, and J. L. 
Chem. Phys. 33, 1379 (1960). 
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dimensions, V/A in two dimensions, and V/L in one 
dimension). The significance of \ is that if the normal 
molecule-molecule potential function is u(r), the 
molecule-solute interaction potential is «(r/X). Thus, 
even for more general potentials, the solute is es- 
sentially a size-scaled version of the normal molecules. 
We have termed such a scaled particle a A-cule. The 
value of \ may range from zero to infinity. When 
\=0 the A-cule can completely penetrate all molecules 
so that it is a free particle. The value \=} plays a role 
of central importance since it is the first point at which 
the A-cule can interact with more than one molecule at 
a time. When A= 1 we see that b=a, so that the A-cule 
is identical with the other molecules. Thus G(1, p) is 
the contact radial distribution function for a pure 
system of diameter a particles. Finally, when \= ~ the 
\-cule may be regarded as a plane rigid wall. 

The method of determining the G function for a 
three-dimensional system as developed in I is reviewed 
in the next section, and a new observation relating to 
the consistency of the assumed form of G is made. 
We then extend this technique to allow for the treat- 
ment of a two-dimensional hard sphere system, where 
some additional complications enter. An equation of 
state in close agreement with machine calculations is 
derived. Next we show that the method may be simply 
applied to a one-dimensional system to yield the exact 
equation of state. Finally, in appendices, we consider 
the application of the theory to the simplest cases of 
the perfect gas and the hard sphere lattice gas. 


Il. THREE DIMENSIONS 
In three dimensions the equation of state of a hard 


sphere fluid is 


b/pkT =1+32pa°G (1, p), (2.1) 
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while the chemical potential is 


1 
Ll kT=InpA*+4xpa° | NG (A, p) dr, 
0 


where A®’=h*/(2rmkT)}. As a generalization of (2. 
one has for the work of introducing a A-cule at a fixed 
point in a system of molecules 


PN 
W (A) = Axpa'kT | N2G (NV, p)dn’, 


(W is also p-dependent but here and at various other 
points later we will leave the functional dependence on 
p implicit when it is obvious), from which one obtains 
by differentiating 


G(A, p) = (4epa*2kT) [OW (A) /Ar]. (2.4) 


A relation exists between the work of introducing a 
A-cule (or equivalently the work of creating a hole of 
radius Aa) and the probability of finding a hole of at 
least size Xa as a result of a spontaneous fluctuation, 
po(A) ; it is 

2.5) 


po(A) =explL—W (A) /kT]. 


This allows the discussion to be carried through in 
terms of certain physically defined probabilities. The 
probability of a vacant hole of radius Xa is equal to 
po=1—pi- po— pa—***, 
where f, is the probability of finding exactly k mole- 
2.6) may be rearranged 


(2.6) 


cules in this region. Equation 


as 


po=1— (pit2pot3pst-++)+ (pot 3ps+6ps) 
—(p +4 ps4 coc) teee 


sum in parentheses represents the 


ZA 
where the first 
average number of individual particles in the region of 
radius Xa, the second sum represents the average num- 
ber of pairs, the third the average number of triplets, 
etc. (See Appendix A for the case of the ideal gas.) 
The series (2.7) may be written in terms of m-particle 


, 


correlation functions,’ g, as 


po (Xr) 14-57 —1)™"p" 


re 


dY\°**d¥m. 2.8) 


The convenience of Eq. (2.8) arises from the fact that 
the series on the right-hand side terminates at a value 
m equal to the number of molecules which may be 
packed into the region of radius Aa. For \<4 the only 
term is m=1;i.e., the center of only one molecule may 
be in a cavity of radius less than $a, and the proba- 
bility of a molecule being there is the density times the 


3T. L. Hill, Statistical Mechanics (McGraw-Hill Book Com- 
pany, Inc., New York, 1956), Section 29. 
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cavity volume.‘ Therefore we have 


po(A) =1—grpa*r’, = AS, (2.9) 


which leads through Eqs. (2.4)-(2.5) to 


G(A) =1/(1— pad’), AS}. (2.10) 
By examination of the series (2.8) it is also shown in I 
that both G(A) and 0G(A)/0A are continuous for all A 
and that the discontinuity of the second derivative of 
G at A=} is given by 

Sapa’ 


(8G ow ) Nuh — | PG/dN nr 1= - 7 
1 — (apa*/6) 


(2:39) 


A further condition which G(A) must satisfy arises 
from the fact that from the chemical potential of Eq. 
(2.2) one may calculate a pressure which must be equal 
to that given by Eq. (2.1). Explicitly, the thermo- 
dynamic equality 


Pp 


0 


leads to 


1 
gmp°G(1, p) = ef 4aN7G (A, p) dr 
0 


p 1 
— [ p'dp’ | 4G (A, p’) dX. 
ah 0 


Because of the definite limits on the A integration this is 
not a deterministic equation but rather a condition 
on G. It relates the value of G at \=1 to an integral 
over the range 0<A<1. The fact that G is known 
exactly for A<} makes this an even narrower range. 
A condition on G(A) exists for large values of X. 
Under these circumstances the surface of the cavity 
may be considered as a hard flat wall. The density 
near such a wall pG() is proportional to the pressure, 


p/kT =pG(~), (2.14) 


so that G(*) may be related to G(1) by Eq. (2.1): 


G(o)=1-4 2 rpa°G (1). (2.15) 
In this limit, as the size of the system goes to infinity, 
the density of the system remains constant and is 
unaffected by the presence of the cavity. Equation 
(2.14) may then also be derived by treating the cavity 
as a system of volume v= 37\%a* in contact with a 
particle bath (represented by the rest of the system). 
This system is then represented by a grand canonical 
ensemble 
Pn=2"Q0n/2, 


*For \=1, m=12, the number of molecules in contact with a 
given one at close packing, while for A>>1, m(\A)~ (42v2)\+- 
O(2). 
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where z is the activity, = the grand partition function, 
and Q, the canonical partition function of » particles 
in the cavity. This yields 


po= = 1=exp(— po/kT), 


which combined with (2.4) and (2.5) leads to (2.15). 

In summary one has the following exact information 
about the function G(A): (a) the value of G(A) for 
A<4, Eq. (2.10); (b)-(c) the continuity of G(A) and 
its first derivative; (d) the magnitude of the dis- 
continuity of G’’(A) at A= 4; (e) the integral condition 
(2.13); (f) the infinity condition (2.15). 

A quasi-thermodynamic argument is used in I to 
determine the form of G(A) for large values of the 
argument A. The work of expanding a cavity in a fluid 
is given by a pressure-volume and a surface tension- 
surface area term: 


dW = pdV+odS. (2.16) 


As a first approximation to the Gibbs-Tolman-Koenig® 
relation for the surface tension of a surface of radius of 
curvature Aa, one has 


o= ool 1— (26 r) ], (2:47) 


where 6a is the distance between the surface for which 
the superficial density vanishes and the surface of 
tension. Equation (2.16) may thus be written 


dW = [4m pa®d?+ 82o0a7A+ 16mop5a" |dd, (2.18) 


so that by Eq. (2.4) the suggested form for G(A) is 


G(X, p) = A(p) +[B(p) /A}H+-[C(p) /X2], (2.19) 


where A, B, C may be written in terms of pf, o, and 6. 
By examining the properties of mixtures of molecules 
and A-cules Reiss, Frisch, and Lebowitz show how 
further insight into G may be gained. Their considera- 
tions suggest the form (2.19) for G is a good, analytic 
approximation over the entire range }<A< ®, and is in 
fact exact not only at the upper limit as indicated in 
the previous paragraph but also at the lower limits. 
Details of this argument as applied to the two-dimen- 
sional fluid are presented in the following section. 

The three unknown functions of density which appear 
in Eq. (2.19) may be determined from a combination of 
any three of the five exact conditions (b) to (f) in 
combination with (a). In I the continuity of G and G’ 
conditions, and the infinity condition are used to 
derive the three-dimensional equation of state 


pb/pkT = (1+-y34+ ys"), i i—45)°, (2.20) 
where y3=mpa*/6 (ys ranges from 0 to 0.740 for close 
packing). This is in remarkably good agreement with 
the machine calculations of Wood and Jacobson® and 


5 J. O. Hirschfelder, C. F. Curtiss, and R. B. Bird, Molecular 
Theory of Gases and Liquids (John Wiley & Sons, Inc., New 
York, 1954), p. 351. 

6W. W. Wood and J. D. Jacobson, J. Chem. Phys. 27, 1207 
(1957). 
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Wainwright and Alder.’ Equation (2.20) has the virial 
development 


p; ‘pk T= 1+4y3+ 10y3?-++ 19y33+- 3134+ “es, (2.21) 


which compares well with the exact virial series® 
P/ pk va = | + 4y3-++ 10y3?++ 18.36y5' 
+ (29.44+1.3) yst+ees. (2.22) 


We have tried also to calculate G using the con- 
tinuity of G and G’ and the integral condition (2.13). 
The same equation of state is found, so that with the 
three coefficient form (2.19) the four conditions (b), 
(c), (e), and (f£) are compatible. This lends further 
weight to (2.19) as an analytic approximation for G 
since with this form the theory possesses added internal 
consistency. 

On the other hand when one of the four conditions 
used above is replaced by the discontinuity condition 
(d) the resulting virial series is in poor agreement with 
the exact virial expansion. 

III. TWO DIMENSIONS 

The pressure and chemical potential of a two- 
dimensional fluid of rigid spheres are given, respec- 
tively, by 

p/pkT =1+42pa’G (1, p), 


1 
p/kT= InpA?+ 2npa® | AG (AX, p) dX. 32) 


0 


The contact correlation function of molecules touching 
a A-cule is related to the work of expanding the A-cule by 


G(X, p) = (2mpa*ART) LOW (A) /Od }. 3.3) 


The work is given by the series (2.8) in conjunction with 
(2.5) so that we can show that for \<4, where the 
series terminates after m= 1, G(A, p) is given exactly by 

G(A, p) =1/(1—7pa*A’), A<3. 3.4) 
Furthermore, G(A) and [0G/d\ ] may again be shown 
through examination of (2.8) to be continuous. The 
second derivative, however, diverges this time as 
(A—4$)-t as A>}. The second derivative condition was 
not used in three dimensions and likewise in two 
dimensions we will not find that there is a necessity to 
employ it. (The final solution will not have the correct 
second derivative at A=} but this does not seem to 
greatly affect the equation of state.) 


7T. E. Wainwright and B. J. Alder, U. S. Atomic Energy 
Commission Report Contract No. W-7405-eng-48, Lawrence 
Radiation Laboratory, Livermore, University of California. 

8 Reference 5, p. 157. 
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The condition on G arising from the thermodynamic 
relation (2.12) between p and uw is [cf. (2.13) ] 


1 
Amrp'G(1, p) =p 2mAG (X, p) dr 


ofl 


p 1 
~ [ p'dp’ | 2mvAG (A, p’)dA. (3.5) 
“9 0 


This equation may be put into a more useful form by 
inserting (3.4) and differentiating with respect to p: 


p°LG(1, p) /dp ]+-2pG(1, p) = 3{e/L1— (ap/4) }} 


1 1 
+4p AG (A, p)dA+ re | ALOG(A, p) /dp |dd. (3.6) 
} -s 


Finally, we again find an infinity condition by 
equating Eq. (3.1) to Eq. (2.14) which holds also in 
two dimensions. This yields 
G(«) =1+}2pa’G (1). (3.7) 
These conditions may be used to determine the equa- 
tion of state if we have a form of G in X. As in three 
dimensions we may obtain some information by a con- 
sideration of mixtures. By the technique presented in 
I, G may be related to a function Q by the equation 


ny 
Q(A, p ~pa* | 2aN'G N’, p)dn’ 


—p’a f 2m’ G(X’, p) /Op |\dd’+-mpa?N°G (A, p). (3.8) 


Q is given by 


QO(A, p as Lrpra’[ AG | 1, p, pr Apr |p, 0, (3.9) 
where G(1, p, p,) in this definition is the contact radial 
distribution function between two normal molecules in 
a system with molecule density p and \-cule density py. 
We see that Eq. (3.6) is the special case of (3.8-9) 
with A=1. From the properties of po it follows, as in I, 
that 

O=00/d=0, AS}. (3.10) 
Furthermore for large \ we find from Eq. (3.8) that the 
dominant term of (Q is 


( Pacws — mp?a*d*[_ dG | ©, p) Op a 
which varies as )’. 

The functions G and Q have discontinuities in certain 
of their derivatives with respect to \ but the indications 
of I are that these functions may be approximated 
closely by analytic functions. A form which interpolates 
the \=4 and A>» limiting behavior of Q is 


O(A, p) eee Et 


(3322) 


we (p 


Using Eq. (3.8) such a Q may be shown to be com- 
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patible with a G of the form 


7= (pd?) + A (p) +[B(p) /r]. (3.12) 
As in I the function ¢(pd?) must vanish, since it vanishes 
in the limit A, pd*—const. In two dimensions, 
therefore, the indicated form for G is 


G=A(p)+[B(p)/d]. (3.13) 


This form may also be arrived at by the quasi- 
thermodynamic argument. The three-dimensional con- 
siderations may be employed directly if we regard the 
two-dimensional fluid as a system of infinite cylinders 
with parallel axes and take the properties for unit length 
in the axial direction. Equation (2.16) for the work of 
expanding a A-cule becomes 

dW = 2rpa*hdd+-2raadX. (3.14) 
With a surface tension o independent of d this, by 
Eq. (3.3), goes over into the form (3.13) for A. For 
large \ the surface tension should have the form 
ool 1— (6/A) ] which would add a C/d? term to (3.13) 
but since such a term is not applicable to the small » 
limits, as indicated by the Q function argument, and 
since C/)* is small for large \, it is not appropriate to 
include a curvature term. 

The parametric functions of p, A(p) and B(p), may 
be determined by using the continuity of G to match 
(3.13) to (3.4) at \=}4, and by employing the infinity 
condition, (3.7). Instead of the infinity condition the 
integral equation, (3.5), may be used as a second 
condition. As in three dimensions the result is the 
same, which again adds weight to this form for G.° 

The equation of state found in this way is 


p/pkT=1/(1—ye2)?, 


where y2=pa*/4 (y2 ranges from 0 to 0.907 for close 
packing). This has as a virial development 


p/pkT=1+2y.+3y2?+4y?+Syot+-+*, (3.16) 


to be compared with the exact virial series 
p/pkT =14+-2y24-3.128y2?+4.262y2° 


+ (4.95+0.25) yotte**. (3.17) 
In Fig. 1 the equation of state over the entire range of 
accessible fluid densities is compared with the results of 
machine Monte Carlo calculations by Jacobson and 


9 We have not found any other functional forms which exhibit 
this property. For instance if one uses G=A+B/A+C/ with 
the continuity of G and G’ at \=} and either the infinity condi- 
tion or the integral condition, one obtains two different answers, 
both poor. 
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Wood”: and dynamical machine calculations by 
Wainwright and Alder." The agreement is good. For 
comparison the results of the simple Lennard-Jones- 
Devonshire cell theory are included on the same graph. 
Various extended cell calculations, such as Cohen and 
Rethmeier’s® double cell cluster theory with exact cell 
shape, do not substantially better the agreement over 
the entire range of densities. The cell theories, how- 
ever, seem to be in agreement with the low pressure 
ordered phase which is observed.” at densities greater 
than pa?=0.8. Close packing corresponds to pa*= 
2/v3= 1.15. 

The complete G(A, p) determined in the above 
calculation is 


G(X, p) =[(1—2)?] L443 (1—ye2) ~—[(1— ye)? ] ae 

(3.18) 
By Eqs. (3.3), (3.13), and (3.14) this corresponds to a 
surface tension 


a/pakT= 3 (1—y2)~'— (1— ye) (3.19) 


IV. ONE DIMENSION 


An extremely simple treatment of the properties of a 
one-dimensional system of rigid spheres may be 
achieved by application of the Reiss, Frisch, and 
Lebowitz techniques. The thermodynamic properties 
of the system are derivable from the equation of state, 

p/pkT=1+ paG(1, p), (4.1) 


and the chemical potential 


| 
u/kT=\|npAt 2a | G(A, p)dx. 


v0 


(4.2) 


The pressure is also related to the density at the wall by 


p/pkT=G(, p). (4.3) 


We can derive the equation of state in essentially one 
step by realizing that since no two particles on opposite 
sides of a A-cule with A>4 can ever interact, molecules 
cannot tell what size A-cule they are next to for A>}. 
Thus G(A, p) must be independent of \ for \>4, and as 
a special case the molecule-molecule contact density 
must equal the wall density, 1.e., 


G(1, p) =G(@, p). (4.4 

J. D. Jacobson and W. W. Wood, Los Alamos Scientific 
Laboratory of the University of California, Report GMX-10—37. 

We thank Dr. Jacobson, Dr. Wood, Dr. Wainwright, and 
Dr. Alder for making available and allowing us to include the 
results of their calculations which are not fully completed. These 
authors have cautioned us that there may be some changes in 
individual points upon further refinement. Nevertheless we have 
felt that it is worthwhile to include these data in order to pro- 
vide an indication of the degree of reliability of the present 
calculation. 

2 T, E. Wainwright and B. J. Alder, private communication. 

13, G. D. Cohen and B. C. Rethmeier, Physica 24, 959 (1958). 
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Fic. 1. The equation of state of a two-dimensional hard sphere 
fluid: ——-— this work; @ Monte Carlo calculations of Wood; 
A dynamical calculations of Alder and Wainwright; Lennard- 
Jones-Devonshire cell theory. 


This equation in conjunction with Eqs. (4.1) and (4.3) 
yields the well-known Tonks’ equation of state’ for a 
one-dimensional hard sphere system 


p/pkT=1/(1—pa), (4.5) 


which is exact. 

Equation (4.5) may be derived in another simple 
manner. For \<}, at most one molecule can be in a 
cavity. The probability that the cavity is vacant is, 
therefore, one minus the density times the cavity 
volume, or 


po(A) =1—p(2ar), A<8. (4.6) 


The work of forming such a cavity is again [ef. (2.5) ] 


W (A) =—kT Inpr, 4.7) 


and G is related to this work by 
G(A, p) = (2pakT) LAW (A) /On J, 4.8) 


so that 


G(A, p) =1/(1—2pan), A\<3. 


> 


(4.9) 


For \>} we saw in the last paragraph that G is con- 
stant so using the continuity of G, which is easily 
established as in I or previous sections, we have 

G(A>1, p) =G(1, p) =G(~, p)=1/(1—pa). (4.10) 
By Eq. (4.1) or (4.3) this leads immediately to the 
Tonks’ equation, (4.5). 

The fact that G is constant for \>}3 follows also 
from Eq. (4.8). For A>} the work of expanding a 


4 L. Tonks, Phys. Rev. 50, 955 (1936). 
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cavity (or A-cule) is all pressure-volume work so that 


dW = p(2ady), A>3 (4.11) 


which implies G(A> 4, p) =constant= p/pkT. 

In I it was shown how a knowledge of the cavity 
probability ~) could be used to determine the radial 
distribution function over part of the range. To develop 
this theory for one dimension we must write the series 
(2.8) for po in the range }<A<1, wherein the series 
terminates at m=2: 


ha fra 
po(A) =1 — 2par+ toto? [ / g(|n—re| )dndre, 
—a 


—ha 


2X 
=1—2partpra' (2A—«x) g(ax)dx, A<1. (4.12) 


Differentiating twice with respect to A, one finds that 
A<1. (4.13) 


The function fp is related to G through Eqs. (4.7)-(4.8) 
and is given by 


N 
po(A) = exp| —200 G(r’, ean 
0 


=(1—pa) exp[—pa(2A—1)/(1—pa) J, 


Oo 0A? = 4p*a°g ( 2ha), 


A> 4. 
(4.14) 


The combination of Eqs. (4.13) and (4.14) allow us to 
write for the radial distribution function in the range 
a<r<2a 


g(r) = (1—pa) expl—p(r—a), (1—pa) |, 


a<r<2a, (4.15) 


in agreement with other theories of the pair correlation 
function.” The range of r may be extended by con- 
sidering further terms in the fo series, (2.8). The 
higher order correlation functions which enter may be 
written in terms of products of pair correlations exactly 
in one dimension. 

Interestingly enough Eq. (4.15) can be extended, 
partly at least, to the case where the molecules have in 
addition to their hard cores also a soft potential ¢,. 
When ¢, has a finite range ya, y>1, then for \>4y the 
molecules will again be unable to “feel”? across the 
cavity and we will have 


dW = p2ady, 
G(A) = p/pkT, 


A> 27 


A> $y. (4.16) 
6 Z. W. Salsburg, R. W. Zwanzig, and J. G. 


Kirkwood, J. 
Chem. Phys. 21, 1098 (1953). 


FRISCH, 


AND LEBOWITZ 


If further y<2 then the above arguments yield 
g(r) = (p/pkT)*po(ya/2) expl— (p/kT) (r—ya) J, 
ya<r<2a, (4.17) 


where g(r) is the radial distribution function between 
two molecules in the fluid. The nature of the soft 
potential ¢, enters here only through the value of the 
pressure p and the work necessary to make a hole of 
size (ya/2): 


po(ya/2) =expl—W (4ya) /kT ]. (4.18) 
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APPENDIX I. IDEAL GAS 


We give a simple illustration of the ideas discussed 
in Sec. 2 by considering the case of an ideal gas. For 
this gas it is well known that py satisfies the Poisson 
distribution 


ba= (v"/n!)e~”, (A.1) 


where v= 47pa°A’= (n). In particular 


po=exp(—$mpa*r*) =expl—W (A) /kT], (A.2) 


and 


dW =pkTdV = pdV. 


APPENDIX II. RIGID LATTICE GAS 


Another simple illustration of our ideas can be ob- 
tained by considering a lattice of y sites on which V 
particles are to be placed. The volume per site is taken 
to be unity. The particles behave like rigid spheres in 
that not more than one particle can be placed on one 
site and that otherwise the particles do not interact. 
A hole will now mean an empty lattice site and ac- 
cording to Eqs. (2.5)-(2.7) we find 

po=exp(—W/kT) =1—p, (B.1) 


with p= N/n. This yields for the chemical potential u in 
accordance with Eqs. (2.2) and (2.3) 


u=kT In(p) +W=T In{[p/(1—p) JA}, 


while the pressure is given by 


(B.2) 


p 
p=/ p(Ou/dp)dp= —kT |In(i—p). (B.3) 
0 


16S, Ckandrasekhar, Revs. Modern Phys. 15, 1 (1943). 
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The proton magnetic resonance spectra of ten borazole derivatives were recorded and assignments were 
carried out. The chemical shifts of BH and NH protons are close to each other, the values being nearly 
equal to the sum of the contribution of a diamagnetic ring current and the chemical shift of C=CH—C 
protons. The signals of NH and BH protons showed the partial collapse of multiplet structures due to 
quadrupole relaxation. BC,H; protons gave a single sharp line instead of showing both methyl and methyl- 
ene signals each split by 7-/ coupling. An explanation is given in terms of electronegativity considerations. 


ORAZOLE and its derivatives present an interest- 

ing group of compounds, because they are unique 
in having a borazole ring, which simulates a benzene 
ring in many ways, although the analogy is by no means 
complete. In a series of physical investigations, the 
present authors have obtained information on the 
molecular structure'® and electronic state’ of these 
compounds. The present investigation has been under- 
taken in order to obtain further knowledge on the 
electronic state of a borazole ring from the observation 
of chemical shifts and splittings. The proton and B" 
magnetic resonances of borazole have already been 
reported.’ Borazole is distinct from benzene in that 
each proton is bonded to boron or nitrogen having a 
nuclear spin and also an electric quadrupole moment 
capable of affecting through its spin-lattice relaxation 
the relative broadening of multiplet components. 
Therefore, a systematic study was carried out on the 
proton magnetic resonances of a number of borazole 
derivatives. 


EXPERIMENTAL 


The method of synthesis and purification has already 
been described elsewhere!’ for seven borazole deriva- 
tives used in the present investigation. The identifi- 
cation was made by means of their melting points, 
boiling points, infrared absorption spectra, freezing 
point depressions, etc. V-Trimethylborazole was pre- 
pared by Hohnstedt and Haworth’s method,’ ie., by 
the reduction of B-trichloro-N-trimethylborazole with 
sodium borohydride NaBH, in triethylene glycol 
dimethyl ether solution. It was purified by distillation 
under reduced pressure, bp 133°C, mp —7.5°C as com- 
pared with 133°C and —7.8°C reported in the litera- 


'H. Watanabe and M. Kubo, J. Am. Chem. Soc. 82, 2428 
(1960) ; H. Watanabe, K. Ito, and M. Kubo, zbid. 82, 3294 (1960). 

2H. Watanabe, M. Narisada, T. Nakagawa, and M. Kubo, 
Spectrochim. Acta 16, 78 (1960); H. Watanabe, T. Totani, 
T. Nakagawa, and M. Kubo, ibid. (to be published). 

8K. Ito, H. Watanabe, and M. Kubo, J. Chem. Phys. 32, 947 
(1960). 

*K. Ito, H. Watanabe, and M. Kubo, Bull. Chem. Soc. Japan 
33, 1588 (1960). 

5L. Hohnstedt and D. T. Haworth, J. Am. Chem. Soc. 82, 
89 (1960). 


ture. -trichloro--triethylborazole was synthesized 
from boron trichloride and ethylamine in accordance 
to Turner and Warne’s method,® dehydrochlorination 
being promoted by means of triethylamine. The identi- 
fication was made by the determination of its mp 
(57°C) and the infrared spectra and also by the deriva- 
tion from it of hexaethylborazole, which was already 
identified.!’ B-Trimethyl-N-triethylborazole was _pre- 
pared by the reaction of B-trichloro-V-triethylborazole 
with a suitable Grignard reagent and purified by frac- 
tionation. The resulting liquid was a new compound. 
Therefore, there are no physical data available in the 
literature for comparison. 

The proton magnetic resonance spectra were re- 
corded at room temperature by means of a JNM-3 
high-resolution NMR spectrometer of Japan Electron 
Optics Laboratory Company operating at 40 Mc. 
Chemical shifts defined by 


6=10°(H,—H,)/H, 


were evaluated using cyclohexane as an_ internal 
standard. Here, H, denotes the applied magnetic field 
for the proton signal of the sample and H, is that for the 
reference signal. 


ASSIGNMENTS 


B-Trichloroborazole (Fig. 1) shows a single un- 
resolved broad peak at —3.9; ppm due to protons 
bonded to nitrogen. The spectrum of B-trichloro-N- 
trimethylborazole (Fig. 2) has a single sharp absorp- 
tion at —1.7; ppm attributable to methyl groups. B- 
Trichloro-\-triethylborazole (Fig. 3) gives rise to a 
triplet centered at +0.33 ppm originating from methyl 
groups in ethyl groups and a quartet centered at 
—2.2) ppm attributable to methylene groups. The 
quartet has a slightly complicated structure due to the 
presence of nitrogen directly bonded to methylene 
groups. 

N\-Trimethylborazole (Fig. 4) shows a sharp intense 
absorption peak at —1.6) ppm attributable to methyl 
protons, in addition to fairly broad quartet lines 


6H. S. Turner and R. J. Warne, Chem. & Ind. (London) 18, 
526 (1958). 
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Fic. 1. NMR spectrum of B-trichloroborazole in 10% carbon 
tetrachloride solution 


centered at —3.0; ppm due to protons bonded to B" 
having a nuclear spin equal to 3. The effect of the 
less abundant isotope B' was hardly discernible. A 
component line of the quartet could not be located 
exactly, because it was masked by the intense line of 
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Fic. 2. B-Trichloro-N-trimethylborazole in 10% carbon tetra- 
chloride solution : 


methyl protons. Hexamethylborazole (Fig. 5) shows 
two sharp lines of equal intensity at —1.53 and 1.0) 
ppm. Considering the spectrum of B-trichloro-'- 
trimethylborazole, the former was assigned unequiv- 
ocally to protons in methyl groups bonded to nitrogen, 
while the latter to those bonded to boron. B-Trimethyl- 
N-triethylborazole (Fig. 6) shows a sharp line at 
+-0.9; ppm due to BCH; protons and also a characteris- 
tic three-four pattern of ethyl groups centered at 
+0.49 and —1.9s ppm. 


B-Trichloro-N-triethylborazole in 


Fic. 3. 
25% carbon tetrachloride solution. 


Fic. 4. N-Trimethylborazole. 
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B-Triethyl-N-trimethylborazole (Fig. 7) shows a 
sharp absorption at +0.4; ppm and a composite one 
at —1.59 ppm. The former was interpreted as an un- 
resolved peak arising from protons in ethyl groups 
bonded to boron, while the latter was presumed to be a 
triplet attributable to NCH; protons, although the 
triplet structure was not very convincing. Mention 
should be made here that this compound underwent 
gradual decomposition, as has already been reported.’ 
The spectrum of hexaethylborazole (Fig. 8) is com- 
prised of a typical quartet centered at —2.17 ppm and 
three other prominent peaks. The former was assigned 
unequivocally to methylene protons in ethyl groups 
bonded to nitrogen. The highest peak at +0.52 ppm 
was presumed to be the unresolved signal of protons in 
ethyl groups attached to boron. A hump on its higher 
magnetic field side and the remaining two peaks con- 
stitute a triplet centered at +0.49 ppm. This triplet 
was attributed to methyl protoris in ethyl groups 
bonded to nitrogen. 








beamed = 


Fic. 5. Hexamethylborazole in 5% carbontetrachloride solu- 
tion. 


B-Trimethyl-N-triphenylborazole (Fig. 9) shows a 
peak at +1.6) ppm attributable to BCH; protons 
and another peak at —5.7; ppm having a structure to 
some extent. Although the resolution of the latter peak 
is open to suspicion, this peak was interpreted as the 
proton signal of phenyl groups. B-Triethyl-N-tri- 
phenylborazole (Fig. 10) yields two lines at +1.0; and 
—5.7; ppm. The former was assigned to the unresolved 
signal of BC.Hs protons while the latter to that of 
phenyl protons. 

The numerical values of chemical shifts 6 and. spin 
coupling constants J are shown in Table I. 


DISCUSSION 


BH and NH Proton Chemical Shifts 


The BH proton signals of .V-trimethylborazole and 
the NH proton signal of B-trichloroborazole are very 
broad owing to the quadrupole relaxation arising from 
the presence of B'™ and N* nuclei, respectively. It has 
already been reported that, in the proton magnetic 
resonance spectrum of borazole, the multiplet structure 
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Fic. 6. B-Trimethyl-N-triethylborazole in 22% carbon tetra- 
chloride solution. 


of an NH triplet is well resolved’ with its central line 
slightly stronger than the two outer ones. The corre- 
sponding triplet of B-trichloroborazole is collapsed to 
such an extent that the multiplet structure is hardly 
discernible. It is interesting to note that chlorine 
atoms bonded to boron affect the electric field gradient 
at N™ nuclei. 

The chemical shifts, —3.0; and —3.9; of BH and 
NH protons (chemical shifts are expressed in ppm 
units) in these two compounds are close to those in 
borazole, —3.07 and —4.05, respectively. According to 
studies on the ultraviolet spectra of borazole and its 
derivatives,’ a methyl group bonded to nitrogen and 
also a chlorine atom bonded to boron are known to 





Fic. 7. B-Triethyl-N-trimethylborazole in 22°% carbon tetra- 
chloride solution. 

7C. W. Rector, G. W. Schaeffer, and J. R. Platt, J. Chem. 
Phys. 17, 460 (1949). 
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affect the electronic state of the borazole ring: the 
former increases while the latter decreases the donor- 
acceptor double bond character of BN bonds in the 
ring. However, the chemical shifts seem to be insensi- 
tive to this effect. 

The chemical shifts of BH and NH protons in bora- 
zole and its derivatives are fairly close to each other, 
despite a considerable difference between the elec- 
tronegativities of boron and nitrogen. As in a benzene 
ring,’ the diamagnetic ring current induced by the 
external magnetic field in a borazole ring is presumed to 
contribute to the chemical shifts of BH and NH pro- 
tons. This contribution is estimated from the dia- 
magnetic anisotropies of a borazole ring and a benzene 
ring,! the molceular dimensions of these rings,’ and 
the contribution, —1.50, of the diamagnetic ring 
current to the chemical shift of protons in benzene” 
as —0.9 and —1.1 for BH and NH protons, respec- 








Fic. 9. B-Trimethyl-N-tripheny] borazole in 5% carbon tetra- 
chloride solution. 


5H. J. Bernstein, W. G. Schneider, and J. A. Pople, Proc. Roy. 
Soc. (London) A236, 515 (1956). 

9S. H. Bauer, J. Am. Chem. Soc. 60, 524 (1938); B. P. Stoi- 
cheff, Can. J. Phys. 32, 339 (1954); K. Kimura and M. Kubo, 
J. Chem. Phys. 32, 1776 (1960). 

10 J. S. Waugh and R. W. Fessenden, J. Am. Chem. Soc. 79, 
846 (1957). 
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Fic. 8. 
10% 
tion. 


Hexaethylborazole in 
carbon tetrachloride solu- 





tively. Subtracting this value from the observed BH 
and NH proton chemical shifts, one has — 2.2 and — 2.9 
respectively, as referred to cyclohexane, or +1.2 and 
+0.5 as referred to water as a standard. The latter 
values are close to the chemical shift of protons in a 
C=CH—C group ranging from —0.9 to +1.0," as 
observed for various compounds, rather than, for 
instance, to the NH proton chemical shift ranging 
over 1.9-2.0 in secondary amines. The result is plausi- 
ble, since BN bonds in a borazole ring, which are iso- 
electronic with CC bonds in a benzene ring, are known 
to have a partial double-bond character.!:?:7:” 


BCH; and NCH; Proton Chemical Shifts 


The proton chemical shift, 1.69, of BCH; in B-tri- 
methyl-.-triphenylborazole is greater by about 0.6 
ppm than those in hexamethylborazole and B-tri- 
methyl-.V-triethylborazole, 1.0) and 0.93. As has 
already been pointed cut by the present authors,! 
phenyl groups are bonded to a borazole ring with their 
planes perpendicular to the borazole ring. Accordingly, 
the diamagnetic ring current induced by the external 
field in the phenyl rings will shift the BCH; proton 
signal to a higher magnetic field. A calculation similar 
to that employed for the proton signal of benzene® 
has led to a shift of about 0.5 ppm in good agreement 


with 0.6 ppm mentioned above. A similar relation 


holds for the proton signals of the corresponding B- 
triethyl-V-triY-compounds. Accordingly, the chemical 


J. A. Pople, W. G. Schneider, and H. J. Bernstein, High- 
resolution Nuclear Magnetic Resonance (McGraw-Hill Book 
Company, Inc., New York, 1959), pp. 242, 245. 

2 Electron diffraction: A. Stock and R. Wierl, Z. anorg. u. 
allgem. Chem. 203, 228 (1931); S. H. Bauer, J. Am. Chem. Soc. 
60, 524 (1938); K. P. Coffin and S. H. Bauer, J. Phys. Chem. 
59, 193 (1955). X-ray: D. L. Coursen and J. L. Hoard, J. Am. 
Chem. Soc. 74, 1742 (1952). uv spectra: C. C. J. Roothaan and 
R. S. Mulliken, J. Chem. Phys. 16, 118 (1948). IR and Raman 
spectra: B. L. Crawford, Jr., and J. T. Edsall, J. Chem. Phys. 7, 
223 (1939); W. G. Price, R. D. B. Fraser, T. S. Robinson, and 
H. C. Longuet-Higgins, Discussions Faraday Soc. 9, 131 (1950). 
Dipole moments: K. L. Ramaswamy, Proc. Indian Acad. Sci. 
A2, 364 (1935). 
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Fic. 10. B-Triethyl-N-triphenylborazole in 25% 
carbon tetrachloride solution. 


shift of BCH; protons devoid of the effect of ring 
currents in phenyl groups is about 0.9-1.1 as referred 
to cyclohexane, or 4.3-4.5 as referred to water. The 
latter value is higher than the chemical shift, 3.6-4.4, 
of CCH; protons as expected from ‘the electronega- 
tivity of boron. 

The dependence of the chemical shift of NCHg in 
B-triX-N-trimethylborazoles on the B-substituents is 
related to the inductive effect rather than to the 
electromeric effect of the substituents. In other words, 
both the: chemical shift of NCH; and the —/ effect" 
of the B-substituents increase progressively in the 
order of B-trichloro-N-trimethylborazole, V-trimethyl- 
borazole, hexamethylborazole, and B-triethyl--tri- 
methylborazole, in agreement with a prediction from 
electronegativity considerations. The observed chemi- 
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cal shifts of NCH; protons ranging over 1.7-1.9 as 
referred to water are close to those of OCH; protons, 
1.3-1.7, rather than to those of typical NCHs protons, 
2.1-2.9.4 The result can be explained, because the 
electronegativity of nitrogen in a borazole ring is 
closer to that of oxygen than to that of nitrogen in 
ordinary nitrogen compounds, as described below. 


BC.H; and NC:H; Proton Chemical Shifts 


The proton signal of NC2H; shows a normal three- 
four pattern, whereas that of BCH; is a single peak 
having no J-J splittings. Dailey and Shoolery” have 
studied the proton magnetic resonance spectra of an 
ethyl group in C.H;X type compounds and found that 
the difference between the chemical shift of methyl 
protons and that of methylene protons is in linear rela- 


TABLE I. Chemical shifts 6 (in ppm) and spin coupling constants J (in cps) of B-triX-N-triY-borazoles. For borazole, JnH denotes 
the spin coupling constant between nitrogen and hydrogen atoms directly bonded to each other. In B-triethyl-N-trimethylborazole, the 


same notation is used for the same pair of atoms separated by two chemical bonds. 


BH 


C.Hs 
CoH; 
CH; 

CHs 


BCH; 
BCH; 


NCH 
NCH: CCH; 


Jun=8.0 

Jyu=56, Jpn =138 

Jpu=125 
+1.05 
+0.9, 
+0.45 


Jun=/.2 
Jxu=3.o 
+0.52 Jun=8.1 
+1.6o 


+1.0; 








18M. J. S. Dewar, The Electronic Theory of Organic Chemistry (Oxford University Press, New York, 1949). See also R. W. Taft, Jr., 
J. Am. Chem. Soc. 79, 1045 (1957). 

‘ L. H. Meyer, A. Saika, and H. S. Gutowsky, J. Am. Chem. Soc. 79, 4567 (1953). 

5 B. P. Dailey and J. N. Schoolery, J. Am. Chem. Soc. 77, 3977 (1955). 
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tion to the electronegativity of an atom directly linked 
to the ethyl group. 


E.N. =0.695[6(CHs) — 6(CH2) ]+1.71. 


This empirical equation first proposed for electronega- 
tivity values ranging over 2.6-3.9 was found by Baker'® 
to be valid approximately even for electronegativity 
values as small as 1.7 for lead and 1.4 for aluminum. 
According to this relation, the chemical shift differ- 
ence Aé vanishes for the electronegativity equal to 1.71. 
It has been shown theoretically” that in this case J-J 
splittings also disappear leading to a single sharp 
signal for ethyl protons, as was actually found in the 
present investigation. 

Introducing Aé equal to zero and 2.4-2.6 for BC.H; 
and NC2H; proton signals, respectively, into the afore- 
mentioned equation, one has 1.7 and 3.4-3.5 for the 
electronegativities of boron and nitrogen in a borazole 
ring. The frequency of the symmetric bending vibra- 
tion of a methyl group is known to depend on the 
electronegativity of an atom directly bonded to the 
methyl group.’® The infrared absorption band of .V- 
trimethylborazole” at about 1470 cm™, which is 
assigned to this mode of vibration, leads to the electro- 
negativity of nitrogen equal to 3.5 in good agreement 
with 3.4-3.5 mentioned above. The deviation of these 
values beyond all conceivable errors from the accepted 
electronegativities of boron and nitrogen, 2.0 and 3.0 
can be accounted for at least qualitatively by the 
electronic structure!*”” involving resonance among 


Qwing to the partial formation of donor-acceptor 
double bonds, the boron atoms and the nitrogen atoms 
of a borazole ring are presumed to be less electronega- 
tive and more electronegative, respectively. 


NC,;H; Proton Chemical Shifts 


The chemical shifts at —5.7; of phenyl protons in 
B-trimethyl-N-triphenylborazole and _  B-triethyl-N- 


6 FE. B. Baker, J. Chem. Phys. 26, 960 (1957). 

‘7 See work cited in footnote 11, p. 116. 

‘8 W. J. Lehmann, C. O. Wilson, Jr., and I. Shapiro, J. Chem 
Phys. 28, 777 (1958); L. J. Bellamy, The Infra-red Spectra of 
Complex Molecules (John Wiley & Sons, New York, 1958), 2nd 
ed., p. 25. 

1 W. C. Price, R. D. B. Fraser, T. S. Robinson, and H. C. 
Longuet-Higgins [Discussions Faraday Soc. 9, 131 (1950) ] have 
reported the spectrum of this compound which is different from 
that recorded by the present authors [H. Watanabe, Y. Kuroda, 
and M. Kubo (to be published) ] 
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triphenylborazole are practically identical with that 
in benzene, —5.77. Although not all protons in a phenyl 
group are equivalent, the proton signals of ortho, meta, 
and para hydrogen atoms were not resolved in the 
present investigation. According to a study on the 
proton magnetic resonances of monosubstituted ben- 
zines,” the proton signals are not resolved unless the 
substituent is NO., CHO, COOH, NHhb, etc., having a 
strong +£ effect or the phenyl group is bonded to 
fluorine showing a strong J effect. Since the phenyl 
groups are at right angles to the borazole ring as 
mentioned above, and hence m conjugation between the 
rings is inappreciable, and also because nitrogen is 
much less electronegative than fluorine, it is reasonable 
that the proton signals of these B-trialkyl-N-triphenyl- 
borazoles were not resolved. 


Spin Coupling Constants 


The spin coupling constant J(B"H) =125 cps was 
observed for V-trimethylborazole as compared with 134 
cps evaluated by Phillips et a/.*" from the B"™ magnetic 
resonance spectrum of the same compound. The value 
is close to 138 cps in borazole* and also to 125 cps for 
the terminal protons of diborane.” In general, the spin 
coupling constant J(XH) in a molecule changes with 
the isotopic substitution of the atom X in proportion 
to the nuclear g factor of the nucleus X.* It is note- 
worthy that J(B"H)/g(B") equal to 69.6 cps is 
considerably smaller than the corresponding ratios, 
86-180 cps for C’, 113 cps for N™, 117 cps for F"’, 
190 cps for Si”, and 81-150 cps for P*. 

Muller and Pritchard™ have measured spin coupling 
constants between protons and C® nuclei for a number 
of hydrocarbons and interpreted the results on the 
basis of a simple semiempirical equation relating the 
coupling constant with the amount of s character of the 
carbon orbitals involved in the bonds. According to 
their theoretical calculations as well as experimental 
results, the ratio of the spin coupling constant Jon 
between hydrogen and carbon directly bonded by the 
sp? hybridized atomic orbital of carbon and that be- 
tween the same pair of atoms bonded by the s#* orbital 
is approximately 1.33 irrespective of the polarity 
of the CH bonds. The same relation holds surprisingly 
well for boron compounds. The spin coupling 
constants Jgu in borazole and N-trimethylborazole 
involving sp? hybridization gives the mean value of 
132 cps, whereas those in (CH3)2NHBH; and (CHs)>- 
NBH; equal to 94 and 97 cps, respectively,”! leads to 


also 


2” P. L. Corio and B. P. Dailey, J. Am. Chem. Soc. 78, 3043 
(1956). 

21W. D. Phillips, H. C. Miller, and E. L. Muetterties, J. Am. 
Chem. Soc. 81, 4496 (1959). 

2 R.A. Ogg, Jr., J. Chem. Phys. 22, 1933 (1954). 

23 See work cited in footnote 11, p. 188. 

*N. Muller and D. E. Pritchard, J. Chem. Phys. 31, 768 
(1959). 
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the mean value of 96 cps for Ju involving sp* hy- 
bridization. The ratio of the two mean values, 1.37, 
agrees excellently with 1.33 mentioned above. 

The coupling constant J(N“H) was 3.0 cps across 
two chemical bonds in B-triethyl-N-trimethylborazole. 
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to nitrogen in B-substituted V-triethylborazoles. These 
values are of the right order of magnitude. 
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The high-resolution proton magnetic resonance spectra of phosphorus triethyl, tin tetraethyl, and lead 
tetraethyl have been studied at both 40 Mc and 60 Mc. The various spin-spin coupling constants (J) and 
the proton internal chemical shift (6) values for these molecules have been obtained by an analysis of the 
spectra as A;By and A3;B2X systems. (A denotes CH; group protons, B the CH group protons, and X is a 
nucleus other than the proton with spin 4 such as P*!, Sn¥7, Sn™%, or Pb*’.) In phosphorus triethyl it is 
found that J,x and Jzx have opposite signs. The proton magnetic resonance spectrum of tin tetraethyl is 
a complex A;By type spectrum even at 60 Mc with “satellite” lines from naturally present Sn" (C;Hs)4 
(7.67%) and Sn" (C2Hs)4 (8.68%) in the sample. Analysis of the satellite spectrum as an A;B2 type shows 
that Jax and Jgx have opposite signs (here X=Sn"’ or Sn™*), The proton resonance spectrum of lead 
tetraethyl has been reinvestigated and it is found that the satellite lines due to Pb” (C;H;)4 do not show 
any asymmetry, in contrast with earlier observations of Baker. Probable causes for Baker’s results are 
given and it is shown theoretically and experimentally that such an asymmetry does not truly exist. The 


coupling constants Jax and Jyx are found to have opposite signs in lead tetraethy] also. 


I.{INTRODUCTION , 


N a previous communication! it was shown by an 
analysis of the “‘satellite” lines in the proton mag- 
netic resonance spectrum of mercury diethyl that Jax 
and Jpx (X= Hg") have opposite signs. (As before, we 
denote the protons of the CH; group by A and those 
of the CH» group by B.) It was further pointed out 
that by a study of the proton resonance spectra of 
compounds of the type X(C.H;5)#, where the nucleus 
X has a spin of 4, it might be possible to obtain the 
relative signs of Jax and Jpgx in favorable cases. In the 
present paper, we wish to deal with proton resonance 
spectra of three compounds of this type—P(C2Hs)s, 
Sn(C2H;5)4, and Pb(C.H;)4—to determine the relative 
signs of the X-H spin coupling constants in these 
molecules. P*! (natural abundance = 100%) has a 
nuclear spin of 3, while tin has three naturally occurring 
isotopes with spin }. Of these three, only two isotopes, 
Sn"? (7.67%) and Sn"® (8.68%), occur in appreciable 


* Present address: Noyes Chemical Laboratory, University of 
Illinois, Urbana, Illinois. 

1P, T. Narasimhan and M. T. Rogers, J. Chem. Phys. 31, 
1431 (1959). 


abundance. Pb*’, the isotope of lead with a spin of $, 
has a natural abundance of 21.11%. Assuming that in 
these molecules there is no spin interaction between 
protons of one ethyl group and those of another, in 
other words considering the ethyl groups in a given 
molecule to be equivalent, one might expect the proton 
resonance spectra of the three compounds investigated 
here to have the following features. 

(a) Phosphorus triethyl: since the P*! nucleus has a 
spin of } and since its natural abundance is 100% the 
proton resonance spectrum would be of the A;B.X 
type. 

(b) Tin tetraethyl: the proton resonance spectrum of 
tin tetraethyl would be of the A;B2 type but the lines 
for Sn"? (CoH), and Sn"° (C,H;), may show up due 
to the appreciable abundance of these tin nuclei. The 
spectra of these two species would fall under the 
A3BoX category. 

(c) Lead tetraethyl: the spectrum of this compound 
would be of the AsB2 type and that due to Pb” 
(C.Hs), would be of the A;B.X type. Earlier, Baker? 


FE. B. Baker, J. Chem. Phys. 26, 960 (1957). 
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FREQUENC PS) 


Fic. 1. Proton magnetic resonance spectrum of phosphorus 
triethyl] at 60 Mc (top). The theoretical spectrum, calculated by 
use of the indicated constants, is shown in the center. The two 
A;Bz spectra which make up this calculated spectrum are also 
shown separated (bottom). 


investigated the proton magnetic resonance spectrum 
of lead tetraethyl at 30 Mc and found the satellite lines 
(A;BeX) due to spin-spin interaction between Pb*? 
and the protons of the ethyl group. He also noted that 
the internal chemical shift (6az=va—vp) between 
CH; and CH group protons at 30 Mc is less than 1 cps 
with the result that the A;B2 part of the spectrum is 
almost a single broad line (Jap =8.2 cps). 

Since we are concerned here mainly with the deter- 
mination of the magnitude and relative signs of Jix 
and Jyx in these three compounds it is clear that a 
method for the analysis of A;B2X spectra is essential. 
By means of a simple extension of the theory for 
A3B.C systems outlined by us elsewhere,’ it is possible 
to obtain expressions for the transition frequencies and 


>P. T. Narasimhan and M. T. Rogers, J 


Nod . Chem. Phys. 33, 
727 (1960). 
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relative intensities for the AsB2X case. Alternatively, 
since we are interested only in the proton magnetic 
resonance spectra, we can use the concept of “effective” 
internal chemical shifts, 6’an and 6’’ap, corresponding 
to the two spin states of the X nucleus, and thus treat 
the AsB.X spectrum as a combination of two A;Bo- 
type spectra, In this case, we have 


5’sn=(6ant+3Jax—3J px) (la) 
and 


6,5 =(6an—3J ax+3J px). (1b) 


This alternative method was also indicated in our 
earlier communication! and in the present work use 
has been made of this method. Details of the analysis 
of A3Bo-type spectra have been published.‘ By follow- 
ing these procedures we have been able to calculate 
theoretically the proton magnetic resonance spectra of 
phosphorus triethyl, tin tetraethyl, and lead tetra- 
ethyl. The magnitudes and relative signs of the X-H 
coupling constants have also been obtained. In the 
course of the present investigation, it was noted that 
the satellite spectrum of lead tetraethyl at both 40 Mc 
and 60 Mc has a high degree of symmetry about the 
central intense line. This observation is in contrast to 
an earlier report by Baker? who studied this compound 
at 30 Mc and found “extra” lines on only one side of 
the spectrum. A theoretical calculation of the satellite 
spectrum in this compound conclusively shows that 
such an asymmetry is not truly present. 


II], EXPERIMENTAL 


The proton magnetic resonance spectra were obtained 
with a 40-Mc Varian Associates high resolution NMR 
spectrometer (V-4300B) equipped with a V-4311 rf 
unit for operation at 60 Mc also. The compounds were 
studied as liquids and were degassed and sealed in 5 
mm o.d. Pyrex tubes. Sample spinning and audio 
modulation techniques were employed. 


II. ANALYSIS OF THE SPECTRA 


A. Phosphorus Triethyl 


Figure 1 shows the proton NMR spectrum of 
phosphorus triethyl at 60 Mc (top) along with the 
theoretically calculated spectrum (center). The theo- 
retical spectrum was obtained by proper superposition 
of two A;Bo-type spectra calculated using two effective 
internal chemical shifts of 24.6 cps and 10.4 cps (see 
Fig. 1, bottom). Jax for this case is 7.6 cps. These data 
were obtained in the following manner. An inspection 
of the experimental spectrum shows two intense and 
narrow lines, one on the high-field side and another at 
about the center. These two lines may be identified as 
due to the CH; protons split into a doublet by spin 


4B. R. McGarvey and G. Slomp, J. Chem. Phys. 30, 1586 
(1959). 

5P. T. Narasimhan and M. T. Rogers, J. Am. Chem. Soc. 82, 
34 (1960). 
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interaction with P*!. The separation between these two 
lines, which is 13.7 cps, is then the value of Jax. The 
constancy of this separation at 40 Mc confirmed this 
assignment. Next, using the high-field line of this 
doublet as v4’ we set out to fit the lines lying on the 
high-field side by means of a suitable A;B2-type spec- 
trum. A value of | Jap/dan’ |=0.25 was estimated at 
the outset by comparison with a set of theoretical 
A3By spectra obtained earlier. Further refinements 
vielded a good fit for | J,p/dan’ |=0.309. By means of 
this calculation, it was possible to fit well not only lines 
on the high-field side but many on the low-field side 
also. It was then clear that the rest of the lines in the 
experimental spectrum should fit another A;Bo-type 
spectrum but now with a different effective chemical 
shift, dan’. This was confirmed and the value of 
| Jan/dan”’ |=0.731 was thus obtained. 64,’ and dap” 
could then be obtained directly from the experimental 
spectrum by locating two important lines for each case 
(see Fig. 1, bottom). It can be shown that the center 
of these two lines corresponds to the position of v3,’ or 
vy’, as the case may be. In this manner, 6,p’ and 6,4,” 
were found to be 24.6 cps and 10.4 cps, respectively. 
From the two J/6 ratios obtained above a consistent 
value of Jan=7.6 cps was arrived at. 

It will be seen from Fig. 1 that for a satisfactory 
superposition of the two A;By spectra the value of 
Jsx=0.5 cps and it will be noted that Jax and Jpx 
have opposite signs. 64s, the internal chemical shift be- 
tween A and B protons (unmodified by spin interactions 
with X), is found to be 17.5 cps at 60 Mc; the protons 
of the CH; group are more shielded than those of the 
CH». The spectrum of P(C2Hs5)3 at 40 Mc showed that 
these assignments are essentially correct, but owing to 
the decreased internal chemical shifts and the conse- 
quent overlapping of several lines, many significant 
features of the spectrum that were useful in the analysis 
at 60 Mc were lost at 40 Mc. 


B. Tin Tetraethyl 


The main multiplet part of the spectrum of this com- 
pound at 60 Mc (Fig. 2) can be fitted by means of a 
theoretically calculated A;B. spectrum with | Jap/ 
dan |=0.350. The value of 64, obtained by the direct 
method® from the experimental spectrum is — 23.4 cps 
at 60 Mc, the minus sign indicating that the CH; pro- 
tons are less shielded than the CHe protons. Jap is 
found to be 8.2 cps. In addition to this A;Bo-type 
spectrum, “‘satellite” lines are noticeable in the experi- 
mental spectrum of tin tetraethyl, particularly when 
the rf power is increased to a reasonably high level 
(see Fig. 3). On the extreme low-field side of the spec- 
trum a triplet pattern is noticeable. The center of this 
triplet is separated from va of the main A;Be spectrum 
by 34.8 cps, and on the high-field side a more complex 

ft ee 


Narasimhan and M. T. Rogers, J. Am. Chem. Soc. 82 
(1960) . 
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Fic. 2. Proton magnetic resonance spectrum of tin tetraethy]l 
at 60 Mc (main multiplet only). The theoretical spectrum (bot- 
tom) is the theoretical A;Be spectrum with | Jap/dapn |=0.350. 


pattern is noticeable with a peak separated from va by 
the same amount. Identifying these lines as the CH; 
part of Sn"7/"!9 (CH;5)4, the value of Jax is found to be 
71.2 cps for Sn" (C,;Hs),4 and 68.1 cps for Sn"? (C2Hs5)«. 
It will be noticed that the satellite lines are rather 
broad because the lines due to Sn"? (C2H;)4 and Sn” 
(CoHs)4 fall close together. Since the ratio of the 
magnetogyric ratios, y(Sn!”): y(Sn™), is 1:1.048, the 
values of Jax (X=Sn"") and Jax (X=Sn!"’) are also 
in the same ratio. The spacing between the triplet lines 
of the satellite spectrum on the low-field side is 8.2 cps 
and agrees well with the value of J,4, obtained directly 
from the A;Bz part of the spectrum. 

The location of the CH, part of the Sn"!!! (CoH5)4 
spectrum is also indicated in Fig. 3 (bottom). This was 
identified as follows: since the CH; part is a triplet 
pattern on the low-field side, thus indicating a first- 
order-type spin interaction’ with the CH2 protons for 
this case, one would expect the CH: group lines to be a 
quartet and also fairly well removed from the CH3 
group lines. But in the experimental spectrum there is 
no clear-cut indication of a group of quartet lines, ap- 
parently due to overlap with the main A;By spectrum 
as well as with other satellite lines. This fact is further 
substantiated by two broad lines of low intensity fall- 
ing on the extreme high-field side. These two lines may 
be identified as part of the CH: group and the separa- 
tion between these two lines is also 8.2 cps. In this 
manner, the theoretical spectrum of the CH, satellite 


7H. S. Gutowsky, D. W. McCall, and C, P. Slichter, J. Chem. 
Phys. 21, 279 (1953). 
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TABLE I. Values of the “‘effective’’ internal chemical shifts for 
protons in tin tetraethy] (60 Mc). 








Sn!7( CoHs) 4 





Sign of Jax Sign of Jgyx bap” 





cps 42.05 cps 
S cps 72.85 cps 
cps 26.05 cps 
SN™9(CoHs5)4 


bap’ 


__ 4.75 cps__ 





Sign of Jax Sign of Jzx bap’ 





3.9 cps 


42.9 cps 


28.3 cps 


75.1 cps 


75.1 cps 28.3 cps 


lines in the high-field region has been constructed. The 
value of Jpx for Sn™ (C,H;),4 is found to be 32.2 eps. 
The corresponding value of Sn’ (C:Hs)4 was deduced 
from the known magnetogyric ratios of Sn" and 
Sn" to be 30.8 cps for Jpx. 

With the values of Jax, Jpx, and dap obtained above, 
we can calculate the effective internal chemical shifts 
for Sn"? (C2Hs)4 and Sn" (C.H;), from Eqs. (1a) and 
(1b). Table I summarizes these data for various com- 
binations of signs for Jax and Jxgx. It will be seen that 
both 8’ and 6” for Sn"? (CsHs)4 and Sn™® (CoHs5)4 are 
very much alike. As a consequence, satellite lines of 
these two species fall close together and the lines ap- 
pear broadened out. 

An inspection of Table I shows that if Jax and Jpx 
have the same sign in tin tetraethyl then the ratios of 
| J/6| will be about 0.2 and 1.9, respectively, for the 
two spin states of X. Theoretical spectra calculated 
with these values do not fit the experimental one satis- 
factorily, particularly on the high-field side. On the 
other hand, the high-field lines as well as the low-field 
lines agree better with the calculated spectra using 

J/5| values of about 0.1 and 0.3 (see Fig. 3) thus 
indicating that Jax and Jpx have opposite signs. The 
theoretical spectrum shown in Fig. 3 was obtained by 
using first-order approximation’ for | J/é|=0.1 and 
solving the general A;Be case’ for | J/é | =0.3. 

The spectrum of the compound obtained at 40 Mc 
confirms the assignments made above from the 60-Mc 
spectrum. The high-field quartet satellite lines assigned 
to the CH» group are shifted towards low field by 
about 7.8 cps at 40 Mc as would be expected on the 
present basis. 


C. Lead Tetraethyl 


The proton resonance spectrum of this compound 
9 


was recorded earlier by Baker? at 30 Mc using a swept- 


AND 


MAX T. ROGERS 

frequency spectrometer. Baker noticed splittings of 
the satellite lines due to Pb? (C,H), on only one side 
of the spectrum and so far no explanation of these un- 
usual splittings has been offered. Our investigations on 
this compound were initiated primarily to determine 
the relative signs of Jax and Jpx in the Pb’ (C2.Hs), 
molecule. The spectra that we obtained at both 40 Mc 
and 60 Mc turned out to be very similar to Baker’s—a 
broad but intense central peak accompanied by the 
satellite “ethyl group” lines on either side of this 
central line. However, it was noticed that the satellite 
lines in our spectra had a high degree of symmetry 
with “splittings” on both sides. These splittings in the 
“ethyl group” lines can be shown to be due to higher- 
order spin-spin interaction between the protons. Figure 
4 shows a typical 40 Mc spectrum of lead tetraethyl 
obtained in the present work. We shall discuss the 
probable causes for Baker’s results and the question of 
asymmetry in the satellite spectrum after dealing with 
the relative signs of J,x and Jgx in Pb”? (C2Hs5)«. 

The values of Jax and Jyx obtained by locating the 
centers of the CH: and CH; lines in the satellite spec- 
trum are 125.0 cps and 41.0 cps, respectively, in good 
agreement with the data obtained from the published 
spectrum (30 Mc) of Baker. The value of J4, is found 
to be 8.2 cps from the “ethyl group” multiplet separa- 
tions. Using Eqs. (1a) and (1b), the values of 5’ and 
5” can be calculated for various combinations of signs 
of Jax and Jgx. Table II summarizes these data. The 
value of daz is not known exactly but is very likely to 
be less than 1 cps at 40 Mc judging from the width of 
the central intense lines at low rf power. 

The theoretical A;Bz spectra calculated using the 
above values of 6’ and 6” along with Jay=8.2 cps are 
shown in Fig. 4. It will be seen that better agreement 
with the experimental spectrum is obtained when J4x 
and Jpx are assigned opposite signs (6’~6"~84 cps). 
5’ and 8” do not differ appreciably since 6,4, is very 
small. The “effective” internal chemical shifts are de- 
termined in this case almost solely by the magnitudes 
and signs of Jax and Jpx. This feature is noticeable by 
the near constancy in the appearance of the satellite 
spectrum up to 60 Mc. This point brings us now to 
the question of asymmetry in the satellite spectrum. 
Since 6’ and 6” are very nearly equal, the two A;By 


TABLE II. Values of the “effective” internal chemical shifts for 
protons in lead tetraethyl (40 Mc). 








Signs of Jax Signof Jgx bap” 





oa ~42 cps ~42 cps* 


Bes 


CE} 


~84 cps ~84 cps* 








® 6’ and 5” are estimated to be accurate to within 2 cps. Note that the sign 
of dap is not known. However, this does not give rise to any serious error since 
5,ap is very small compared to Jax and Jpx. 
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Fic. 3. Proton magnetic resonance spectrum of tin tetraethyl at 60 Mc at higher power (top). The theoretical spectrum for the 
satellite lines arising from Sn"* (C;Hs)4 only are shown (bottom); the constants employed are given in the text. 


spectra corresponding to the two spin states of X 
should resemble each other closely, and since 6,p is 
very small, the two spectra should be centered at the 
intense line. Thus, there is no theoretical reason for 
any marked asymmetry to be present in this system. 
Our own experimental findings confirm the absence of 
any asymmetry and hence we may conclude that the 
reported asymmetry’ in the satellite spectrum is not a 
truly inherent feature. The calculated spectra bring 
out very well the higher order splittings in the multiplets 
on both sides. Again this feature is observed in our ex- 
perimental spectra and therefore the presence of 
“extra” lines on only one side of the spectrum recorded 
by Baker probably indicates loss of resoiution on one 
side of his spectrum. 

A few possible explanations for Baker’s results may 
not be out of place here. Of these, the one that comes 
first to mind is the possibility of saturation of the 
protons with the fairly high rf power used in recording 
the satellite lines. Saturation will take place also pre- 
dominantly during the time when the central intense 
peak is traversed. This peak then broadens out and 
lines recorded immediately after this peak may not be 
well resolved. In our own experiments we have been 
able to reproduce some spectra somewhat similar to 
the one obtained by Baker by using slow sweep rates 
and fairly high rf power. In these spectra (magnetic 
field sweep increasing from left to right) lines falling to 
the right of the central line show a tendency to smear 
out and in these the higher order splittings seem to be 


absent. A similar situation might have prevailed during 
the recordings of Baker. Saturation of the receiver is 
another possibility. Yet another is the loss of resolution 
in the spectrometer (through magnetic field in ho- 
mogeneity or other similar causes) after passing 
through the intense central line. 


IV. DISCUSSION 


By means of the present analysis of the proton mag- 
netic resonance spectra of phosphorus triethyl, tin 
tetraethyl, and lead tetraethyl, it has been possible to 
show that Jax and Jgx have opposite signs in P* 
(C2Hs)3, Sn! (CoHs)4, Sn™ (CoHs)s, and Pb” 
(CoHs)4. This result is similar to that found! for Hg™ 
(CoHs)o. In all these molecules it is observed that the 
absolute value of J,4x is greater than that of Jpx (for a 
summary of results see Table III). This phenomenon 
is interesting since the A nuclei are separated from X 
by three bonds while the B nuclei are separated by 
only two bonds. 

It may be worthwhile to see how these data may be 
interpreted on the basis of the current concepts of 
nuclear spin-spin coupling in molecules. The theory of 
nuclear spin coupling in 'Z molecules has been developed 
by Ramsey® and applied by several authors.?" Since 

8N. F. Ramsey, Phys. Rev. 91, 303 (1953). 

9H. M. McConnell, J. Chem. Phys. 24, 460 (1956). 


10 G. A. Williams and H. S. Gutowsky, J. Chem. Phys. 30, 717 
(1959). 


1H. S. Gutowsky, M. Karplus, and D. M. Grant, J. Chem. 
Phys. 31, 1278 (1959). 
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Fic. 4. Proton magnetic resonance spectrum of lead tetraethyl at 40 Mc (bottom). The theoretical spectrum computed for unlike 
signs of Jpp,_cn; and Jpp_cp, are given (center), along with the spectrum computed for like signs of these coupling constants (top). 
Note the high degree of symmetry of the satellite spectrum with respect to the central intense line. 


TABLE III. Proton internal chemical shifts and various spin coupling constants in some compounds of the type X (C2H3)n. 








Atomic No. 


Relative sign of 
Compound 5 AR" J AB of X Jax 


J BX Bf AX and Jo BX 





1) P!(CoHs)s +0.292 ppm 7.6 cps : 3.7 cps 0.5 cps Opposite 


(2) Sn™7(C2Hs5)4 —0.390 ppm ~8.2 cps ~68.1 cps ~30.8 cps Opposite 
(3) Sn™°(CoHs). —0.390 ppm 8.2 cps 3 .2 cps 32.2 cps Opposite 
(4) Hg™(C2Hs) > —0.240 ppm 7.0 cps .2"cps 87.6 cps Opposite 


(5) Pb®?(C2Hs5) 4° ~0 8.2 cps 3 .0 cps 41.0 cps Opposite 








® Values in the absence of spin coupling with the X nucleus. 
> See references 1 and 5 of text; also R. E. Dessy, T. J. Flautt, H. H. Jaffé, and G. F. Reynolds, J. Chem. Phys. 30, 1422 (1959). 
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the coupling nuclei in all the cases studied here are 
separated by two or more bonds, we may interpret 
the data, at least qualitatively, on the basis of the 
“long-range” molecular orbital approximation outlined 
by McConnell.’ Following McConnell, the various 


contributions to the spin coupling constant Jyy-, for. 


two nuclei V and N’ separated by two or more bonds 
in a molecule, can be written as a sum of one- and two- 
electron terms. An examination of the expression for 
the various one-electron terms shows that these are 
dependent on 1/ryy*, where ryy’, is the distance be- 
tween the coupling nuclei. It is perhaps reasonable then 
to conclude that the significant contributions, to Jax 
at least, arise from two-electron terms."? Since one of 
the coupling nuclei is a proton in all these cases, the 
large Jax couplings may be ascribed to the Fermi- 
contact term." In fact, semiquantitative calculations 
made by Narasimhan and Karplus” support this view. 
In this connection, it is of interest to note the increase 
in Jax values with the increase in the atomic number 
of X. However, no such regularity is Observed with re- 
gard to the Jpx values, apparently due to significant 
contributions from other terms. The dominance of 
these terms over the contact term may also perhaps 
account for the different sign of Jpx. 

The analysis of the proton magnetic resonance spectra 
of compounds of the type X(C2Hs5), (spin of X=$) is 
perhaps in general more easily carried out by means of 

2 A more detailed treatment of these couplings on the basis of 
both M. O. and V. B. theories has been given by P. T. Narasim- 


han and M. Karplus (unpublished). 
8 E. Fermi, Z. Physik 60, 320 (1930). 
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“effective” internal chemical shifts, thus reducing the 
problem to the solution of the A,B. case. On the other 
hand, if one proceeds in the general manner one has to 
obtain four quantities—éan, Jan, Jax, and Jgx— 
directly from the experimental spectrum. In compli- 
cated cases the situation will be almost hopeless. Double 
irradiation techniques may be used advantageously in 
these systems for simplification of the experimental 
spectra as well as identification of the various lines. It 
will be highly desirable to perform these experiments 
on the systems studied here and thus check the assign- 
ments made above. For instance, if P*' nuclei are satu- 
rated in P(C.H;); and one looks at the proton resonance 
spectrum simultaneously, this spectrum should be of 
the A;Bz type with 64g and Jay values given in Table 
Ill. Baker’? has performed the double irradiation ex- 
periment with Pb(C:H;), and has noticed the absence 
of satellite lines due to Pb? (C.H;)4 when Pb” is ir- 
radiated. Similar experiments on the other compounds 
of the X(C;,H;) type would be interesting. 
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Single stage enrichment factors a for the isotope exchange reaction of N® between oxides of nitrogen and 


lition ’ 
solutions of 1 


\itrosylsulphuric and nitrosylphosphoric acid have been determined. Single stage equilibration 


resulted in values of a that decrease from 1.046 for 1M to 1.013 for 10.2M sulphuric acid in the nitrosy!- 
sulphuric acid system, and from 1.042 for 4.7M to 1.005 for 14.8M phosphoric acid in the nitrosylphosphoric 


id 


acid system. 


INTRODUCTION 


HE nitrosonium salts of sulphuric acid (NO*HSO,;-, 

“nitrosylsulphuric acid”) and phosphoric acid 
(NO*H2PO,s, ‘‘nitrosylphosphoric acid”), when dis- 
solved in aqueous solutions of the acids undergo partial 
hydrolysis according to the simplified reactions: 


2NOHSO;+ HeO=N203+ 2H2SO4 
cool 
t rt 


2NOHsPO4+ HxO—N203-+ 2HsP Os. 
cool 


(1b) 


The decomposition of the nitrosonium salts is small at 
low temperatures and water concentrations of 
the solutions. Data on the nitrosylsulphuric acid system 
are available! in with the lead chamber 
process for the production of sulphuric acid; no data 
on the nitrosylphosphoric acid system could be found 
in the literature. 


low 


connection 


If the fractionation factor a for the exchange of the 
nitrogen isotopes, according to 


2N¥OHSO,+ N2°O3—2N"OHSO4+ N24O; 


2N"OH2PO;+ N2®O3—=2N"OH2PO4+ No4Os, 

is favorable and if the exchange rate of (2a) and (2b) is 

great enough, an attractive process for the separation 

of the nitrogen isotopes could be based on reactions 
da ) 


2a) and (2b). Reactions (1a) and (1b) are reported 


to be reversible, at least at higher acid concentrations! ; 
a thermal reflux technique would make the process even 
more attractive. It is for these reasons that this study 
has been undertaken. 


EXPERIMENTAL 


Known amounts of 999% NOHSO,;(NOH»2PO,) were 
introduced into an equilibration flask (1000 ml). 
After the flask had been carefully evacuated, measured 
amounts of aqueous H2SO.(H;PO;) were added. The 


* Supported in part from a grant from the U. S. Atomic Energy 
Commission. 

1L. Gmelin, Handbuch der Anorganischen Chemie (Verlag 
Chemie GMBH, Berlin, Germany, 1936), Syst. No. 4(N), Syst. 
No. 9(S); F. Seel, in Chemical Society Special Publication No. 
10, London, England (1957), p. 7. 


equilibration vessel was kept at constant temperature, 
and the solution was agitated by a magnetic stirrer to 
provide good contact of the gas and liquid phases. 
The pressure in the equilibration vessel was read with a 
Bourdon-type gauge made of glass. After one hour, 
samples of the gas (2 ml) and liquid (0.5 ml) were 
collected and processed for mass spectrometer analysis. 
The nitrogen in the liquid phase was converted to nitric 
oxide by reduction with mercury’; the gas phase was 
reduced to nitric oxide using selenium.’ The N®/N™ 
ratio was determined using the 31/30 peaks of nitric 
oxide.* The results are given in Tables I and IT. 

Experiments were also done to determine the reflux 
efficiency of a possible exchange unit according to 
reaction (1a). Equation (1a) is only a rough description 
of the actual hydrolysis reaction of nitrosylsulphuric 
acid. At high concentrations of H2SO,, NO is oxidized 
giving NO» which will then constitute most of the gas 
phase. At low acid concentrations, N2Os3 will react with 
water to give nitric acid and NO. Nitric acid cannot be 
converted to gaseous nitrogen oxides by a thermal 
reflux technique. Even nitrosonium salt solutions in 96% 
H2,SO, will contain appreciable amounts of HNOs 
which cannot be removed from the solution by simply 
heating the system. Of course, a chemical reflux tech- 
nique according to® 


2HNO;+-SO.—3H2SOy+ 2NO 
could be employed. 
RESULTS AND DISCUSSION 


The single stage separation factor a ranges from 
1.046 for 1M to 1.013 for 10.2M sulfuric acid in the 
nitrosylsulphuric acid system, and from 1.042 for 4.7M 
to 1.005 for 14.8M phosphoric acid in the nitrosyl- 
phosphoric acid system at room temperature. The heavy 
isotope will concentrate in the liquid phase. 


2G. Lunge and E. Berl, Chemisch-Technische Untersuchungs- 
methoden (Springer-Verlag, Berlin, Germany, 1932), Vols. 1 and 2. 

3 FE. Barnes, J. Indian Chem. Soc. 9, 330 (1932). 

‘W. Kuhn, A. Narten, and M. Thiirkauf, Helv. Chim. Acta 
42, 1433 (1959). 


5T. I. Taylor and W. Spindel, in Proceedings of the Intler- 
national Symposium on Isotope Separation (North Holland Pub 
lishing Company, Amsterdam, 1958), p. 158. 


1056 





FRACTIONATION OF 
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TABLE I. Single stage separation factors for the nitrosylsulphuric acid system. 


NOHSO,* 





NOHSO,> 


(moles/liter) 


Temperature 


_ (N8/N") liquid 


Pressure a aa 
( N54, N*) gas 


(°C) (mm Hg) 





® Before equilibration. 





21 60 
30, 100 
50 260 


200 
300 
550 


.014+0.001 
.013+0.001 
.013+0.001 


20 
30 
50 


.02340.001 
.021+0.001 
.017+0.001 


700 
720 
720 


.044+0.0005 
.043+0.0005 
.040+0.0005 


.044+0.003 
.046+0.0005 
.045+0.001 


580 
600 
670 


b After equilibration. [See G. A. Hantzsch and K. Berger, Z. anorg. Chemie 190, 321 (1930) .] 


H;,PO44 NOH2PO,* 
Temperature 
(moles/liter) CG) 





4.7 


® Before equilibration. 


The high a at low acid concentrations occurs because 
most of the gas phase is NO, whereas the low a at high 
acid concentrations can be ascribed to the fact that 
most of the gas phase is NOe( NeO,y). The same phenom- 
enon was also observed with the HNO;-NO exchange 
system of Taylor and Spindel® to which the systems 
discussed in this paper show many analogies. In fact, 
at low acid concentrations the amount of nitric acid in 
the liquid phase will be so high that one could speak of 
an HNO;-NO system containing sulphuric (phosphoric) 
acid. 

No experiments on the rate of the exchange reac- 
tion (2a) have been done. From the mentioned anal- 
ogy with the HNO;-NO system the assumption is 
justified that the exchange will be slow at low acid 
concentrations and rapid at high acid concentrations. 
Taylor and Spindel found an optimum concentration of 
approximately 10M HNO, for their system; at this 
concentration the height equivalent to a theoretical 
plate (HETP) of an HNO;-NO exchange column 
packed with 3013 HELIPAK (Podbielniak Inc., 
Chicago, Ill.) is reported to be 3 cm at a flow rate of 1.6 
ml liquid/cm? min.® It is highly probable that similar 
column stage heights can be expected for the systems 
under consideration. 

Since a simple, and therefore desirable, thermal 
reflux technique cannot be used with the nitrosylsul- 


TABLE IT. Single stage separation factors for the nitrosylphosphoric acid system. 


predane (N® N") liquid 

essure °° 

mm Hg) (N®/N™) gas 
730 1.005+0.001 


730 1.042+0.001 


phuric (nitrosylphosphoric) acid systems, these do not 
seem to offer any advantages as compared with the 
HNO;-NO system, unless the exchange rate is found to 
be greater (the column stage height lower) than in the 
HNO;-NO_ system. However, the consumption of 
chemicals for a reflux mechanism according to (3) 
would be considerably lower than for the HNO;-NO 
system, since the major part of the nitrogen in the 
liquid phase (the nitrosonium part) could still be 
refluxed by passing the solution through a thermal 
decomposer. Only the HNO; part of the nitrogen would 
have to be refluxed chemically. 

Still, the enrichment of N® in a countercurrent unit 
of NOHSO,/H2SO, and NO/NOz would be an attrac- 
tive process if the N® cascade were attached to a lead 
chamber plant for the production of sulphuric acid. 
In this case, all the chemicals needed for the N® produc- 
tion could be taken from and recycled to the chamber 
units. The cost of the enriched N® would only be 
determined by the construction and maintenance 
costs of the N™® cascade. Such a process is, of course, 
limited by the production capacity of the lead chamber 
plant. 
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Communications 


Energy Transfer between Triplet States De- 
tected by Electron Spin Resonance 
Spectroscopy 


J. B. Farmer, C. L. GARDNER, AND C. A. MCDOWELL 


Department of Chemistry, University of British Columbia, 
Vancouver, B. C., Canada 


Received January 16, 1961) 


LECTRON spin resonance due to a triplet state of 
a molecule was first detected by Hutchison and 
Mangum.' They observed the resonance due to the 
triplet state of naphthalene in a uv-irradiated single 
crystal of solid solutions of this compound in durene. 
More recently van der Waals and de Groot? confirmed 
these results but also were able to observe a magnetic 
resonance due to the triplet state of naphthalene in a 
uv-irradiated rigid glass solution in glycerol at 77°K. 
The resonance which van der Waals and de Groot 
observed was at a much lower magnetic field than that 
studied by Hutchison and Mangum. These latter 
workers observed the resonance corresponding to 
transitions between neighboring subievels of the triplet. 
That observed by van der Waals and de Groot was due 
to transitions between the highest and lowest sub- 
levels and corresponded to the Am=2 transition. De 
Groot and van der Waals* have also observed the 
electron spin resonance due to the triplet states of quite 
a number of other polynuclear hydrocarbons in uv- 
irradiated rigid glass solutions at 77°K. They were 
able to determine the zero-field splittings from the 
spectra. In the case of naphthalene they found good 
agreement between their value for the zero-field 
splitting and that obtained by Hutchison and Mangum! 
from experiments on orientated single crystals. 
These new results of de Groot and van der Waals?’ 
open up many possibilities. We have recently studied 


VOLUME 34, NUMBER 3 MARCH, 1961 
the magnetic resonance of molecules in triplet states in 
glassy solutions at 77°K and have used this technique 
to study the exchange of energy between the triplet 
states of benzophenone and naphthalene in a rigid 
E.P.A. solution at 77°K. 

In our experiments the solutions of benzophenone and 
naphthalene (10-*—10~ 37) in E.P.A. were outgassed 
and sealed in thin walled 4 in. diameter quartz tubes. 
The rigid glass solutions at 77°K were photolysed 
with the tube in a quartz Dewar vessel inserted in a 
resonant cavity operating in the TEo., mode. The ex- 
periments were performed using what was essentially 
a Varian 100 kc modulation esr spectrometer employing 
a 6-in. magnet. Light of ~366-my wavelength from a 
water cooled G.E.C. AH6 mercury arc was used for the 
uv-irradiation. A Schott & Company UV-JL inter- 
ference filter with a 9-my half-width and a 38% trans- 
mission coefficient at 365 my was used to isolate the 
desired radiation wavelength. Light of this wavelength 
lies outside the absorption band of naphthalene and 
also is beyond the longest wavelength which can excite 
the naphthalene fluorescence and phosphorescence.‘ 
We were unable to observe any resonance due to the 
triplet state when a 5X10~ M solution of naphthalene 
was irradiated at 77°K with light of wavelength 366 
mu. Using the unfiltered radiation from the AH 6 lamp, 
the resonance due to the triplet state of the naphthalene 
molecule under the same conditions could be readily 
observed. 

The phosphorescence spectrum of benzophenone 
which is attributed to transitions from the first triplet 
state to the ground state is readily excited by radiation 
of 366 mu wavelength. Gilmore, Gibson, and McClure® 
determined the quantum yield of the benzophenone 
phosphorescence at 77°K in E.P.A. (when excited by 
light of wavelength 366 my) to be 0.8. Electron spin 
resonance due to the triplet state of the benzophenone 
could not be detected when rigid solutions of this 
compound in E.P.A. were irradiated at 77°K. We did, 
however, detect the resonance which in earlier work® 
was attributed to the benzophenone ketyl radical, 
presumably formed by the triplet state of the benzo- 
phenone abstracting a hydrogen atom from one of the 
components of the E.P.A. solvent. 

When mixtures of benzophenone and naphthalene in 
E.P.A. at 77°K were irradiated with light transmitted 
by the above filter at 366 my, we were readily able to 
observe the electron spin resonance due to the triplet 
state of naphthalene. At the same time a much reduced 
esr spectrum due to the benzophenone ketyl radical 
was also observed. 

These results, therefore, prove conclusively that there 
is a transfer of energy from the benzophenone mole- 
cules which have'been excited to their triplet states by 
the radiation of wavelength 366 my, to the naphthalene 
molecules, thereby exciting these to their triplet states. 
Furthermore, our work confirms the views of Terenin 
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and Ermalov’ who concluded from studies of the 
phosphorescence spectra of mixtures of benzophenone 
(and other donors) and naphthalene in ether plus eth- 
anol at 77°K that there was a transfer of energy between 
the triplet states of these molecules in the rigid glass 
solutions. 

Our results also suggest a possible explanation of the 
observations of Ferguson and Tinson® who found that 
the phosphorescence spectrum of benozphenone in 
petroleum ether at —180°C is replaced by another at 
longer wavelengths when the concentration is in- 
creased from 10-4 to 10-°-M. These workers attributed 
their results to energy transfer to the triplet state of 
benzophenone. As we have shown that the triplet state 
of this molecule reacts very rapidly at 77°K with the 
components of E.P.A. to form a ketyl radical, it is 
possible that the second phosphorescence spectrum 
observed by Ferguson and Tinson comes from the 
ketyl radical or some resulting compound. 

We wish to thank the National Research Council of 
Canada for generous grants in support of this research. 

'C, A. Hutchison, Jr., and B. W. 
29, 952 (1958) ; 34, 908 (1961). 

? J. H. van der Waals and M. S. de Groot, Mol. Phys. 2, 233 

1959). 

§M. S. de Groot and J. H. van der Waals, Mol. Phys. 3, 190 
(1960). 

‘ E. Clar, Spectrochim. Acta 4, 116 (1950). 

5 E. H. Gilmore, G. E. Gibson, and D. S. McClure, J. Chem. 
Phys. 20, 829 (1950); 23, 399 (1955). 

6D. H. Henderson and C. A. McDowell (unpublished). 

7A. Terenin and V. Ermalov, Doklady Akad. Nauk S.S.S.R. 
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Sixth Virial Coefficients for Gases of Parallel 
Hard Lines, Hard Squares, and Hard Cubes 


Witiram G. Hoover* AND ANDREW G. Dre Rocco 


Department of Chemistry, University of Michigan, 
Ann Arbor, Michigan 


(Received January 9, 1961) 


| virial equation of state can be written as 


Bp a > Bp", 
1 


where 8=1/kT, p is the number density, and the set of 
coefficients {B,} are the virial coefficients. The 
topological graphs are known which permit the calcula- 
tion of {B,} up to B;,! if the related integrals of the f;; 
products can be accomplished. Because the integrals 
are formidable for realistic choices of the potential, 
simpler models have been introduced to effect the 
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integrals. The simplest nontrivial case is that of parallel 
hard lines, squares, and cubes.? The hard-cube poten- 
tial has the property that any integral J, of a product 
afi; can be written as [,|J,|"~!, where 7 is the dimen- 
sionality of the interacting figures; this feature of the 
problem was clearly noted by Zwanzig.* To compute the 
set |B,} one need only evaluate the pertinent set of 
integrals in one dimension; the extension to higher 
dimensions involves only mechanical effort. To cal- 
culate B; and B3, only one integral must be done. For 
By, Bs, and Bg one needs to accomplish three, 10, and 
56 integrals, respectively. 

We have succeeded in computing Bs by a straight- 
forward but tedious method, the details of which will 
be published. We present in Table I the results for Bg 


TABLE I. Virial coefficients for lines, squares, and cubes. 


Squares Cubes 


B, 1 

By 4 

B; : 9 

By, 11/3 34/3 

B; 67/18 455/144 
Bs 121/40 — 2039/108 


B, : 1.0000 1.0000 
By 3 1.0000 1.0000 
B; : 0.7500 0.5625 
B; 3 0.4583 0.1771 
B; ; 0.2326 0.0123 
Bs : 0.0945 —0.0184 


and the lower coefficients (previously known), for 
lines of length o, squares of area o, and cubes of volume 
o*. The first set of values corresponds to the choice of 
o”" for the n-dimensional B,; the second set uses 2"~1o” 
for the corresponding B, (both sets are employed in the 
literature). It is interesting to note that Bg is negative 
in three dimensions, a result anticipated by Temperley 
on the basis of his extension of the Zwanzig calculations 
to higher dimensions.‘ At this point the earlier work 
deserves some further comment: 

(1) Tonks® calculated the equation of state for the 
one-dimensional case, but the fact that Tonks did not 
employ the cluster expansion prevents any extension 
of his results to higher dimensions. 

(2) Geilikman? obtained Bs, B;, and By for cubes, 
although, as he later pointed out, the result for By 
was incorrect. 

(3) Zwanzig,’ using the results of Riddell and Uhlen- 
beck,® computed the first five coefficients for the case 
described in this letter. Zwanzig agrees that the in- 
equalities in Helmholtz energy for systems of cubes 
and spheres used in his paper* to limit the virial coeffi- 
cients for spheres do not seem sufficient for this purpose.” 
If his treatment had been rigorous our result would 
imply a negative Bs for hard spheres, in contrast to the 
suggestion of Alder and Wainwright® that both Be 
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and B; for hard spheres are positive. Whether or not 
B,° and B,° have the same sign is still an open ques- 
tion. 

(4) As noted earlier Temperley found that By was 
negative in five dimensions and B; negative in four 
dimensions. It is clear that B; will eventually become 
positive again if a sufficient number of dimensions is 
employed. His later statement? that Ford found B, 
and B; as negative for spherical molecules is without 
foundation, since the Gaussian model employed by Ford 
does not correspond to any potential. 

(5) Domb” presented equations of state for “‘squares”’ 
and “‘cubes” in which By, Bs, and Bs were negative. 
These were presumably approximations derived from 
an Ising model, but none of the coefficients beyond 
the first agree with the exact results for hard squares 
and hard cubes. 

We will present the detailed calculation of Bg in the 
near future. We are now actively concerned with the 
calculation of B; and the analog of the radial distri- 
bution function for such systems. 


* Proctor and Gamble Predoctoral Fellow, 1960-1961. 
'G. W. Ford, unpublished dissertation, University of Michigan, 
\nn Arbor, Michigan, 1954; n=7. 
2B. T. Geilikman, Proc. Acad. Sci. U.S.S.R. 70, 25 (1950). 
R. W. Zwanzig, J. Chem. Phys. 24, 855 (1956). 
H. N. Vv Phys. Soc. (London) 70B, 536 
1957). 
L. Tonks, Phys. Rev 
SR, i. Riddell, Jr. and G 
1953 
W. Zwanzig (private conversation 
J. Alder and T. E. Wainwright, J. Chem. Phys. 33, 1439 
1960 
°H 
1958 
0 C. Dom 


lemperley, Pro 


50, 955 (1936). 
FE. Uhlenbeck, J. Chem. Phys. 


N. V. Temperley, Nuovo cimento Suppl. 9, Ser. 10, 163 


, Nuovo cimento Suppl. 9, Ser. 10, 9 (1958). 


Infrared Spectrum of Diimide* 


EpMUND J. BLAv, BERNARD F. HOCHHEIMER, AND 
I B B F. He 
HitBert J. UNGER 


1 pplied Physics Laboratory, The Johns Hopkins University, 
Silver Spring, Maryland 


(Received December 27, 1960) 


ANDS belonging to the infrared spectrum of the 

*diimide (NeH:) molecule have been observed. 
This molecule has been previously identified by Foner 
and Hudson! by mass spectrometry as a product of a 
radio-frequency discharge though gaseous hydrazine. 
We have used the method of preparation of Foner and 
Hudson. Our experimental arrangement permits deposi- 
tion of the discharge products on a cold infrared- 
transparent window and simultaneous sampling of the 
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NoC! PRISM 


- 1646 em-! 
1821 em-! 


1495 cm-! 
NH; 


- 4397 cm-! 
- 4923 cm-! 


NH; 
NH; 


2898 cm-! 
3095 em-! 
3205 em-! 
3378 cn: 


Fic. 1. Infrared spectrum of diimide. 


discharge products for analysis on the mass spectrom- 
eter. A dry-ice trap immediately follows the discharge 
to remove hydrazine. The cryostat is very similar to 
one described by Wagner and Hornig.” It has a clear 
aperture of 35 mm and fits easily into the sample space 
of the modified Perkin-Elmer model 12B spectrometer 
used in these experiments. With liquid nitrogen as 
coolant, a calcium fluoride window reached a steady 
temperature of 82°K in 15 min and a sodium chloride 
window 86°K in a similar time. 

If hydrazine vapor is admitted into the evacuated 
system, it condenses completely in the dry-ice trap and 
nothing deposits on the cold window of the cryostat. 
When the discharge is started, the pressure following 
the dry-ice trap increases to between 100 and 1000 yu, 
depending on the discharge power. A yellow deposit, 
which is stable at least 2 to 3 hr at temperatures below 
120°K, forms on the cold window. 

Analysis of the discharge products with the mass 
spectrometer shows the presence of nitrogen, ammonia, 
and diimide. The undecomposed hydrazine is com- 
pletely collected in the dry-ice trap as indicated by its 
absence in the mass spectrometer. In some experiments 
a trace of mass 45 (N;H;) was detected. By varying the 
hydrazine flow rate and the discharge power, it was 
possible to vary the ratio of diimide to ammonia from 
below 1% to about 20%. 

The spectrum of the deposit as recorded with the 
NaCl and LiF prisms is shown in Fig. 1. The rock salt 
region was examined as far as 15 uw, but no bands were 
found beyond those shown in the tracing. In addition 
to the bands of solid ammonia,’ the spectrum includes 
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several bands which cannot be correlated with any 
known compound likely to be present (including 
hydrazine, hydrazoic acid, ammonium azide, dihydra- 
zonium ion, ammonium ion, nitric oxide, nitrous oxide, 
dinitrogen trioxide, dinitrogen tetroxide, dinitrogen 
pentoxide, or nitrite ion). These bands, which are 
attributed to diimide, occur at 1362, 1406, 1495, 1821, 
2898, 3095, 3205, and 4650 cm~, those at 1495, 1821, 
and 4650 cm~ being the weakest. Under varying condi- 
tions, the intensities of the bands in the LiF region 
(2898, 3095, and 3205 cm™) relative to the ammonia 
band at 3378 cm™ agree qualitatively with the diimide- 
ammonia ratios obtained with the mass spectrometer. 
When either hydrazine or ammonia is deposited, the 
deposit is white and the bands listed above do not 
appear. 

The conclusion that the new bands are associated 
with diimide is strengthened by the behavior of the 
deposit when the cryostat warms up. Above 120°K the 
color of the deposit gradually changes from yellow to 
white; at the same time the pressure rises. The diimide 
and ammonia absorption bands disappear and are 
replaced by bands of solid hydrazine. These bands 
persist almost up to room temperature and are the 
only spectral feature observed above 180°K. During 
warmup, diimide and ammonia are detected in the 
mass spectrometer (with a maximum rate of evolution 
at about 160°K and 170°K, respectively). In addition, 
nitrogen is evolved and, above 220°K hydrazine. Since 
nitrogen and hydrazine are not present in the original 
deposit, they must have been formed during warmup 
from the materials present on the window. Any reason- 
able reaction which can be written to account for the 
formation of hydrazine from diimide would also lead 
to the production of nitrogen. 

The identification of at least some of the observed 
bands with diimide is not unreasonable. The band at 
3205 cm almost certainly indicates a compound 
containing an NH bond, and the band at 1406 cm™ 
can be assigned to the NN stretching mode, in agree- 
ment with the conclusions of Lefevre and Werner* 
that the stretching frequency of the azo group occurs 
in this region. Work is continuing on this investigation, 
and a detailed analysis of the spectrum will accompany 
a later report. 

The authors express their appreciation to R. L. 
Hudson for carrying out the mass spectrometer meas- 
urements and to S. N. Foner and J. T. Massey for help- 
ful discussions. A. I. Mahan participated in some of the 
early work on optical problems. 

* Work supported by Bureau of Naval Weapons, Department 
of the Navy. 

1S. N. Foner and R. L. Hudson, J. Chem. Phys. 28, 719 (1958). 

2E. L. Wagner and D. F. Hornig, J. Chem. Phys. 18, 296 
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*R. J. Lefevre and R. L. Werner, Australian J. Chem. 10, 26 
(1957). 
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Measurement of Absolute Infrared 
Absorption Intensities in Crystals 


J. L. HOLLENBERG AND Davin A. Dows 


Department of Chemistry, University of Southern California, 
Los Angeles, California 


(Received December 27, 1960) 


ERY few measurements of absolute absorption 

intensities have been made on the infrared spectra 
of crystals because the smali sample thicknesses re- 
quired are difficult to prepare and to measure. We are 
developing a method of measuring sample thickness 
which is of sufficient accuracy for infrared intensity 
work, and are applying it to the study of intensities 
in molecular crystals. 

The method is based on the observation of inter- 
ference fringes in the transmitted light as the sample is 
condensed in a thin film on a substrate. Our low-temper- 
ature cell is of conventional design, and contains a 
silver chloride window which can be cooled to any 
convenient low temperature. The optical transmission 
of the cell and cold silver chloride window is recorded 
as a function of time (at a known fixed wave number 
vo) while the compound to be studied is sublimed into 
the cell, where it condenses to form a solid film. The 
choice of silver chloride is dictated by its refractive 
index of 2.0. Since most molecular crystals have in- 
dices of refraction roughly 1.5, they act as efficient 
antireflection coatings for the silver chloride, giving 
intense fringes. If V is the number of fringes recorded 
and m the index of refraction of the sample at the 
observation wave number y» (in the near infrared), 
then the usual thin-film interference formula gives the 
thickness of the film as d= N/(2m). 

The absolute intensities are defined by the formula 


B=(1 nd) [ In( Ty 
b 


and 


T ) dv, 


where m is the number of millimoles of sample per cubic 
centimeter, d is the thickness, J and 7» are the trans- 
missions with and without the sample, and » is the fre- 
quency (wave number units). 

In using this method one must know the values of ™ 
and of the density of the film. We feel that the films we 
prepare are normally characteristic of the bulk material 
(they are about 1 to 10 yw thick) and that surface 
effects are not important. Thus densities are commonly 
available, and the index of refraction can be estimated 
by applying corrections for dispersion and density to 
any values (usually for the liquid in the visible region) 
available. These corrections are usually less than 10%, 
so they introduce less error than the necessary integra- 
tions. 

To illustrate the results obtainable with this method, 
we give in Table I the intensities of the (687, 1036, 
and 3036-3067-3090) wave number bands of benzene, 
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measured near 77°K. For comparison we also show the 
results of Person and Swenson for these bands.' Our 
results are based on 12 and 6 independent measure- 
ments, respectively, for the 1036 and 3067 regions, in 


TaBLeE I. Absolute intensities in crystalline benzene. Entries are 
in darks=cm mM~, 


B B B B 
Mode (Pand S) (this work) (liquid)* (gas)» 


91004-1200 


9500 


687 8780 


3500+650 
1036 6704-90 


200 


1390+- 140 1090 880 


3067 ) 2783-30 550 
3036+ ) 
3090 950+200 1950+385 


4440 5980 


3036-4 
v 3067+ 


t+y:3 (3090 1150 2230+400 4990 7560 


* 1. C. Hisatsune and E. S. Jayadevappa, J. Chem. Phys. 32, 565 (1960 
> H. Spedding and D. H. Whiffen, Proc. Roy. Soc. (London) A238, 245 (1956). 


which the sample thickness ranged from 0.70-3.82 u 
(1036 region) and 1.58 to 3.81 » (3067 region). The 
680 wave number value is the result of only three meas- 
urements thus far. The errors assigned are the maximum 
scatter of our data. Person and Swenson’s errors are 
their estimates of their accuracy. 

The relative values of our results agree with those of 
Person and Swenson, but the absolute values are higher 
by a factor of about two. Recent data of Person? on 
reflection intensities are in reasonable agreement with 
our values. 

There is some question as to whether annealing the 
sample prepared by sublimation onto a cold window will 
change the intensity. We have made several tempera- 
ture-dependence studies on the 1036 cm™ band, and 
one on the 687 cm™ band and find an indication that 
warming and cooling again to 77°K may change the 
intensity, though probably not by as much as 10%. 
The temperature-dependence results themselves are 
of interest; the intensities at 63°, 77°, and 160°K are 
the same to within about 5%. This result is in disagree- 
ment with the conclusions of Mair and Hornig’ and 
of Olsen* and of Fordemwalt,° all of whose results were 
for a larger temperature range up to about 0°C. Our 
resolution in the 1036 cm~ region is about 1-1.5 wave 
numbers, considerably better than that of previous 
investigators, and we observed changes in linewidths 
with temperature which may have affected apparent 
intensities. It is probable, too, that changes in intensity 
do occur in the temperature region between 160°K 
and the melting point, since the band contour is known‘ 
to change greatly in this region. 

We are making further measurements on benzene 
and on several other compounds in an effort to better 
estimate the reliability and accuracy of these intensi- 
ties and to check the many variables involved. The 
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results of these studies will be published at a later date 
in complete form. 

We wish to thank the National Science Foundation 
for a fellowship to one of us (JLH) and for support of 
the project which includes this work. Professor W. B. 
Person has kindly communicated results from theses 
under his direction. 

1W. B. Person and C. A. Swenson, J. Chem. Phys. 33, 233 
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2 W. B. Person (private communication). 

’R. D. Mair and D. F. Hornig, J. Chem. Phys. 17, 1236 (1949). 
ai D. A. Olsen, thesis, State University of Iowa, Ames, Iowa, 
60. 


°J. N. Fordemwalt, thesis, State University of Iowa, Ames, 
Iowa, 1960. 
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Solvent Effects in Nuclear Magnetic 
Resonance 


R. J. ABRAHAM 
National Physical Laboratory, Teddington, Middlesex, England 


(Received October 28, 1960) 


UCKINGHAM et al.,! have discussed the varia- 

tion of the proton chemical shifts of methane 
and acetonitrile in various solvents, in terms of Van der 
Waals, anisotropic, and polar interactions. 

The chemical shifts were measured using an external 
reference and then correcting for the solvent bulk 
susceptibility. This procedure is completely rigorous, 
but a more comprehensive way of examining these 
results is to compare directly the chemical shifts of 
methane and acetonitrile in the same solvents. This is 
shown in Table I. The first two columns give the results 
of the work cited in footnote 1 for all the solvents in 
which both solutes were measured. The third column 
shows the results of subtracting the methane shift from 
the acetonitrile, and in the fourth column this differ- 
ence is adjusted to zero for the solvent n-hexane, i.e., 
we assume that the difference of the chemical shifts of 
acetonitrile and methane in -hexane is due to only the 
different chemical nature of the solute protons. The 
remaining results in column four thus show the influence 
of the solvent on the solute shifts. The obvious ex- 
planation for these low-field shifts is that these are 
due to the reaction field? of the solvent when aceto- 
nitrile is the solute. 

Using the value of 1.34 for the refractive index of 
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Ov (CH3CN— CHa) sol Cp S$ H— 
' 
°o ° 


‘ 
nN 
°o 

















Fic. 1. The difference in the chemical shift values of acetonitrile 
n-hexane) against (E—1)/(E+0.9). 


acetonitrile Eqs. (13) and (14) of the work cited in 
footnote 1 give 


Eevs = —11[ (E-1)/(E+0.9) ] 
—4.3[(E—1)/(E+0.9) P. 


In Fig. 1 the values in the last column of the table are 
plotted against (E—1)/( £+0.9), with the line shown 
calculated from the above equation. 

The agreement is reasonably good for all the solvents, 
except benzene. Thus when one removes the specific 
solvent fields by referring to the methane chemical 
shift in that solvent, halogenated compounds, strongly 
anisotropic nitro compounds, and aromatic compounds 
all behave as expected on the reaction field theory pic- 
ture. The “normal” behavior of the halogenated 
solvents on this picture may be contrasted with their 
anomalous behavior as discussed in the work cited in 
footnote 1. This suggests that the very large bulk 
susceptibility corrections may be the least accurate 
part of the corrected chemical shift values in these 
compounds. The ‘“‘normal” behavior of the anisotropic 
nitro compounds is also a reasonable result, as the mag- 
netic field due to the solvent anisotropy would be 
expected, for these similar solutes, to be independent 
of the solute. This has been demonstrated to be the 
case for aromatic solvents.’ 

However the benzene result on this picture is com- 
pletely anomalous. Here there is a shift of approxi- 
mately 1 ppm in excess of the normal high field shift 
due to the aromatic ring current.’ Such a shift can only 





and methane in 


various solvents (relative to the difference in 


be accounted for by a specific solvent-solute interac- 
tion. Very similar behavior has been observed for 


TABLE I. Proton chemical shifts (in cps at 60 Mc) of acetoni- 
trile and methane in various solvents (relative to chloroform ex- 
ternal reference) .* 


Chemical shift 


Solvent Acetonitrile Methane Ac-Me 





1. n-Hexane 358.7 452.9 —94.2 


. trans-Butene 2 371.3 469.4 —98. 


. cis-Butene 2 3607.3 468.2 —100. 


. Acetone 469.9 —112. 
— 104. 


— 104. 


. Ethyl ether 458.1 
449. 
449. 
470.: 
479.: 
476. 
425.: 
423. 
427.2 


. Triethylamine 
. Acetonitrile 

. Benzene 

. Nitrobenzene 
. Nitromethane 
. CH2Ch 

. CHCl; 

. CCh 


® See work cited in footnote 1 


chloroform in aromatic solvents, e.g., the chloroform 
signal moves approximately 1.5 ppm to high field on 
dissolving chloroform in mesitylene.4 This has been 
explained as due to association of the chloroform with 
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the benzene ring in which the C—H bond is normal to 
the benzene ring with the proton nearest the ring. This 
suggests strongly that the methyl protons in acetoni- 
trile are in a similar position with respect to the ben- 
zene ring. 

This breakdown of the chemical shift results does 
show that the problem of explaining the chemical shifts 
of this particular polar solute in the solvents given 
becomes merely the problem of explaining the methane 
shift in the same solvent, plus the reaction field effect, 
and in one case specific solvent-solute interactions. 
It would be of interest to know whether this result 
applies to other polar molecules. 

I would like to acknowledge the many discussions 
with Dr. T. Schaefer and Dr. P. Diehl, out of which 
this note originated. 

This paper is published by permission of the Director 
of the National Physical Laboratory. 

1A, D. Buckingham, T. Schaefer, and W. G. 
Chem. Phys. 32, 1227 (1960). 

* A. D. Buckingham, Can. J. Chem. 38, 300 (1960). 

\. A. Bothner-By and R. E. Glick, J. Chem. Phys. 26, 1651 
(1957). 

4J. A. Pople, W. H. Schneider, and H. J. 
Resolution Nuclear Magnetic Resonance 
Company, Inc., New York, 1959), p. 430. 
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Solvent Effects in Nuclear Magnetic 
Resonance 


A. D. Buckincuam,* T. SCHAEFER, AND W. G. SCHNEIDER 


Division of Pure Chemistry, National Research Council, 
Ottawa, Canada 


(Received December 21, 1960) 


HE modification suggested by Dr. Abraham! for 

analyzing the data reported in footnote 2 is a very 
useful one and does serve to isolate the “‘reaction field” 
effects in a straightforward manner. In practice this 
method can be applied directly by using the nonpolar 
solute, in this case CHg, as an internal reference in the 
same solution containing the polar solute. One of the 
present authors has employed this method in a recent 
investigation of the proton shifts of methyl acetylene 
in various solvents, in the course of which several 
measurements on CH3;CN were also carried out. In 
these measurements (at a fixed frequency of 60 Mc) 
neopentane, in a concentration of 2 mole %, was added 
to the 5 mole % acetonitrile solutions. The proton 
resonance shifts of the acetonitrile in neopentane, 
benzene, and acetone solutions are shown in Fig. 1. 
On the assumption that neopentane may be regarded 
as an inert solvent, it is apparent that in the benzene 
solution there is an excess shift of the acetonitrile 
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_ Fic. 1. Proton resonance shifts of acetonitrile in neopentane, 
benzene, and acetone solutions. 


proton resonance to high field of 56.8 cps and in the 
acetone solution an excess shift to low field of 20.2 
cps. This confirms the results obtained relative to the 
CH, proton shift by the previous method using an 
external CHCl; reference.!” 

If the nonpolar reference solute molecule neopentane 
is assumed to have approximately the same molecular 
volume as the CH;CN solute molecule, and if differ- 
ences in shape are ignored, the two solutes may be 
expected to experience the same magnetic environment 
in a common solvent. Effects due to the bulk diamagne- 
tic susceptibility of the solvent, as well as effects due 
to its diamagnetic anisotropy would then be absent. 
The “van der Waals shift” for the neopentane and 
acetonitrile molecules is probably comparable in 
magnitude and hence the residual observable shift 
might be considered to constitute the ‘‘reaction-field” 
effect. The large residual positive shift oberved in 
benzene clearly must have another origin. A specific 
molecular interaction between acetonitrile and benzene, 
as suggested by Abraham, is a possible explanation. 
But if the nature of this interaction is of the hydrogen- 
bonding type similar to that of chloroform,’ then in 
addition to the excess shift to high field in benzene, a 
low-field shift in acetone may be anticipated. In this 
case the low-field shift in acetone actually observed 
could not be attributed solely to a “reaction-field” 
shift. Another possible explanation of the observed 
anomaly in the benzene solvent may be in terms of the 
molecular shape of the solute molecule. The possibility 
exists that in a medium of disk-shaped benzene mole- 
cules, the acetonitrile molecules experience a different 
magnetic environment from that of a spherical neo- 
pentane reference molecule. In this connection it may 
be relevant to mention that we have also observed 
proton shifts in propionitrile and acrylonitrile in ben- 
zene whose magnitudes (~50 cps) are comparable to 
those of acetonitrile. The question of molecular shape 
also enters in these examples, but the possibility of a 
specific molecular interaction, either of a hydrogen 
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bonding or charge-transfer type, cannot be excluded 
at present. Further investigations on the nature of the 
solvent effects in these and related systems are in 
progress. 


* Permanent address: Inorganic Chemistry Laboratory, Uni- 
versity of Oxford, Oxford, England. 

{ Permanent address: Chemistry Department, University of 
Manitoba, Winnipeg, Canada. 

1R. J. Abraham, J. Chem. Phys. 34, (1961). 

*A. D. Buckingham, T. Schaefer, and W. G. 
Chem. Phys. 32, 1227 (1960). 

3 J. A. Pople, W. G. Schneider, and H. J. Bernstein, High- 
Resolution Nuclear Magnetic Resonance (McGraw-Hill Book 
Company, Inc., New York, 1959), pp. 402, 428. 
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Coupled Anharmonic Vibrations and 
Spectral Band Broadening 


Rosin S. McDoweELt* 


Spectroscopy Laboratory, Massachusetts Institite of Technology, 
Cambridge, Massachusetts 


(Received December 27, 1960) 


ECENTLY Frisch and Vidale! proposed a classical 

model for hydrogen-bonded systems according to 
which the observed broadening of the vibrational spec- 
tral bands of such systems arises frém the precession of 
coupled anharmonic vibrations. The substitution of 
reasonable parameters for O—H--+O bonds in their 
expressions led to an estimated broadening of 32 cm™ 
for the O—H stretching vibration. It has been pointed 
out? that this value is sufficiently less than. the amount 
of broadening observed for such systems to suggest that 
this mechanism makes only a slight contribution to 
bandwidth. Unfortunately two-dimensional errors in 
Frisch and Vidale’s paper make coupling seem less 
important than it is. 

In their model of the A—H--+-B bond, where B is 
held fixed, the weak bond connecting H and B is de- 
scribed by the anharmonic potential Vian = (kup/2) yx? 
+ (a/3)yu'*, where yu is the displacement of the proton 
and ky is the force constant associated with the H++-B 
bond. (The anharmonic force constant a is difficult to 
evaluate properly; Frisch and Vidale obtain an approxi- 
mate value by requiring the cubic potential function 
to give a reasonable value for the dissociation energy of 
the hydrogen bond. This approximation depends upon 
the behavior of the curve at some distance from the 
potential minimum, however, and not too much reliance 
should be placed on the value of a obtained.) The 
Hamiltonian of this system is ° 

H=3[ta2+au?t+pa2xg2+onrn?— 2Cxarnt+fyrn' J, 
where xs27=my?2, vys2?=Ray/ma, vy? = (Raut+kup) /mn, 
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C=kau/(mamy)! and y=a/(my)!. The equations of 
motion of the coupled oscillators are then given cor- 
rectly by Frisch and Vidale’s Eqs. (2); in obtaining 
these equations, however, the authors erroneously made 
the substitution y=a/mg. 

Solution of the equations of motion by the methods 
of nonlinear mechanics! gives a broadening Ady = 
2 | 78:81 | Ai/2mrcwy [cf Eq. (21) of work cited in 
footnote 1 |] where the 8; are the normalized coefficients 
of the unperturbed normal coordinates £&(t), n(t): 
xu (t) =8:1§+8m; wy is the harmonic frequency (a=0) 
of the A—-H vibration; and A; is the amplitude of the 
normal coordinate &(¢). It is important to note that A, 
has the units of and x (g! cm) rather than of y(cm), 
as is assumed by Frisch and Vidale; to a good approxi- 
mation, A;=A,’(ma)*, where Ay’ is the linear amplitude 
of vibration of the H+++B bond, which Frisch and 
Vidale calculate to be 0.26 a.u. Correction of these two 
errors will change their numerical result by the factor 
(ms/my)'=4.25, giving a bandwidth of 136 cm”. 
This numerical result is in better agreement with the 
observed bandwidths of hydrogen-bonded compounds 
and suggests that this approach! may have some merit. 
Quantitative application to particular hydrogen-bonded 
systems is limited, however, by its classical nature and 
by the difficulty of evaluating a. 

It should be noted that Gross and Val’kov* have 
found evidence for strong anharmonicity of the low- 
frequency vibration in the Raman spectra of a number 
of hydrogen-bonded compounds. 


* Present address: Los Alamos Scientific Laboratory, University 


of California, Los Alamos, New Mexico. 

1H. L, Frisch and G. L. Vidale, J. Chem. Phys. 25, 982 (1956). 

2.C. G. Cannon, Spectrochim. Acta 10, 341 (1958). 

3E. F. Gross and V. I. Val’kov, Izvest. Akad. Nauk S.S.S.R., 
Ser. Fiz. 14, 426 (1950); Doklady Akad. Nauk S.S.S.R. 67, 619 
(1949); 68, 473, 1013 (1949); 74, 453 (1950). 


Comment on the Calculation of Zero-Field 
Splittings 
R. MCWEENY 
Quanium Chemistry Group, University of U ppsala, U ppsala, Sweden 
and 
Departments of Mathematics, Physics, and Chemistry, 
University College of North Staffordshire, England 


(Received November 28, 1960) 


RECENT note! dealt with the general theory of 
electron spin-spin coupling and concluded with a 
brief numerical application to the phosphorescent 
triplet state of naphthalene, in which the integrals were 
reduced using crude approximations. Dr. J. H. van 
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der Waals has drawn my attention to the difficulty of 
evaluating such integrals more rigorously owing to the 
occurence of singularities. It was pointed out! that the 


integral 
' =f X12" 


where Q.a is the “coupling anisotropy function,” ? is 
without singularities because of the double antisym- 
metry which makes Qa vanish like 7)” for r1:—0. This 
property is completely general but is lost in the LCAO 
reduction of the integral unless the terms are suitably 
grouped. It may be preserved by writing the LCAO 
approximation in the form [see Eq. (9) and (11) of 
the work cited in footnote 1 | 


1’, 2’) =4 > Oinri1 


ijkl 
X[:(1)$;(2) —$;(1) (2) J 
X [oe (1") 12") — 1 (1) oe (2’) ]*. 


In the most general LCAO form (configuration interac- 
tion admitted) Q;:Q1;: would simply be replaced by the 
more general coefficient wij: Every term in the expan- 
sion then has the required double antisymmetry, which 
is characteristic of Q.2 not only for triplet states but 
whenever the function exists (i.e., S¥0). 

Reduction along the lines of the work cited in foot- 
note 1 leads to identical results [see Eq. (11) ] provided 
AO integrals such as ¥ f°; are reinterpreted as 


112°) Ocal Ay ? i ite 2) dvd», 


CPE 0 ee 


=} f (xu? /rie®) [6i(1) be(2) —be(1)6.(2) Pdridry. 


This is no longer singular for 7.0 (singularities in the 
separate terms ‘‘cancelling”) and the main contribu- 
tions arise from regions where $2 and ¢,2 are large: 
the point charge approximation used in the work 
cited in footnote 1 then remains reasonable. Van der 
Waals (private communication) has obtained more 
satisfactory results by direct (six-dimensional) 
merical integration on an electronic computer. 


nu- 


McWeeny, J. Chem. Phys. 34, 399 (1961 
. McWeeny, Proc. Roy. Soc. (London), to be published. 


Spin Dependence of the First-Order 
Transition Density Matrix 


WERNER A. BINGEL 
Max-Planck-Institut fiir Physik und Astrophysik, Munich, Germany 
(Received October 24, 1960) 
N a previous paper! the properties of the first-order 
density matrix y(x’|xX) were discussed. Especially, 
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the dependence of y on the spin variables was given 
[ Eqs. (A6-8) of the work cited in footnote 1] for a pure 
spin state with quantum numbers S, Ms. This result 
can be generalized to transition densities between two 
different states with spin quantum numbers, S, Ms and 
S’, Ms’. Instead of (A6)' one now has? 


v(x’ |x) =. 4(0" |r) -a(s’)a(s) +y4_(2' |r) «a(s’) BCS) 
+y_—(r’| 1) -B(S’)B(s) +y_4(2' |r) 


*B(s’)a(s), (1) 


where for 
S'=S: 


¥++=5(Ms, Ms’) [4v¥+(Ms/S) ys ] 
¥+ +=8(Ms, Mss) [(S4Ms) (S+1F Ms) / S*} ys 
S = S41: 
Ys 4=+6(Ms, Ms’) 
X[(S+1—Ms) (S+1+Ms) /(2S+1) }ys 
V4 ¢=6(Ms, Ms1) 


(2) 


X[(S+1 Ms) (S+2 Ms) /(2S+1) ys 
S’= S—1: 
4 4=+6(Ms, Ms’) [(S—Ms) (S+Ms) /(2S—1) }ys 
Ys = ¥F5(Ms, Ms41’) 
X[(S—14Ms) (S2Ms)/(2S—1) }ys, 


other values of S’ give a zero result. 

Here y=y(r' |r) is the spinless first-order (ransition 
density and ys=s(r'|1r) is the ¢ransition spin density. 
For S’=S, Ms’=Ms, one regains the former results. 
Equation (2) shows that for given S and S’ all four 
components of y in (1) can be expressed, for all (2S+1) 
(2S’+1) values of Ms and Ms’, in terms of the two 
quantities y and ys. The derivation of Eqs. (1) and (2) 
is very similar to that given in the appendix of the work 
cited in footnote 1 [Eqs. (A1-A8) ], the only difference 
is that now the two space functions W in (A4) are 
Vs” and Vg” and the two spin-spin functions in 
(A5) are Os. g;e% and Og: arg’: 

The same results have been obtained by McWeeny? 
using the theory of irreducible tensor operators. 

1W. A. Bingel, J. Chem. Phys. 32, 1522 (1960); The following 
misprints should be corrected: Eq. (24) =+++ exp(iM@) Table I, 
sp’, second line:'!3D, p. 1528, right column, second line: the 
letter © should carry a tilde on top, Eq. (A5): the arguments of 
the first © should be lower case s, p. 1528, right column, third 
line from the bottor:: the exponent of the round bracket should 
be 3 instead of 2, anu p. 1529, left column, seventh line from the 
bottom: the arguments of y— should be boldface r’s. 

2 For simplicity, the subscripts SM, S’Mg’ on all y’s in (1) 
and (2) have been omitted. 

3R. McWeeny and Y. Mizuno, Special Technical Report No. 
2 (1960) University College of North Staffordshire (England) ; 
Proc. Roy. Soc. (to be published). 
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Erratum: Distribution Functions of a Fluid 
in an External Potential Field. 
Application to Physical Adsorption 


[J. Chem. Phys. 33, 464 (1960)] 
WitiAM A. STEELE AND MARVIN Ross 
Department of Chemistry, The Pennsylvania State University, 
University Park, Pennsylvania 


(Received January 4, 1961) 


FACTOR of 3 was omitted from one of the terms 
in Eq. (5.2). This equation should read 


A,— Ap =i — w2/2kT+0/(RT)?. (5.2) 


This error was carried over into several following 
equations. In particular, the last terms on the right- 
hand sides of Eqs. (5.9), (6.9), and (6.10) should be 
multiplied by 4, and Eq. (6.11) should be altered to 
read 


Mac Bk =U, ( Lz) [1+ poxotis ( EE) 2+. ° - |. (6.11 ) 


This error thus invalidates the conclusion that the 
effect of the first-order change in the density of an 
adsorbed film in a weak external field upon the chemical 
potential is cancelled by the second-order change in the 
configurational free energy. 


Erratum: Optical and Other Electronic 
Properties of Polymers 


LJ. Chem. Phys. 33, 1332 (1960) ] 
IGnacio Tinoco, JR. 
Chemistry Department, University of California, Berkeley, California 


(Received January 16, 1961) 


ROFESSOR R. Feynman, California Institute 

of Technology, has pointed out that Eq. (24) of 
this paper cannot be substituted into Eqs. (22) or (23) 
to give the correct oscillator strength or polarizability 
forf¥a polymer. Instead of an expression for woa* wo 
we'need one for vos Moa’ wan. The new equation is given 
below, together with some corrected typographical 
errors. An analogous correction in a previous paper 
(J. Am. Chem. Soc. 1960, 4785) leads to the deletion 
of the second term in Eqs. (1) and Eq. (A11) of that 
paper. 

The last term in Eq. (4) should be 


at pad V ia: j0) Wo?/hvva |. 


j#i 


Equation (5) should read 


( V) ia; ja’ = [vio W ja’°dr. 


THE 
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The third term in Eq. (14) should have a prime on 
the subscript of (V); it should read 
( V) ia: ja**. (14) 


The first sum in Eq. (20) is over capital K; the 
second to the last term in Eq. (20) should have 
replace 


q i0a’ 


Equation (24) should read 


q joa’. 


Y v0.4 K WOAK* VAOK = VOAUOA* BAO = N Moa* Ha0V0a 
K 


N 4( V) ia; ja’ Wida® Uj0a'V j0a'VOa 
oy 


} ( 2 2) 
i=1 ji ala 1 V j0a’ —Voa ) 


Vv 
-2>> a V) ia; j0U i0a° ( U iaa— Yio) ‘h 


i=1 


2yre 


i=l ji ala 


jaa’; j0U ida® U i0a’Ya 
h( Voa’ — Voa ) 


y 
os yy DL V) iaa; j0— ( V) i00; j0 |Bina* Uiva/h. 


i=l ji 


Erratum: Infrared Detection of the Formyl 
Radical HCO 


|J. Chem. Phys. 32, 927 (1960)| 


GEORGE E. Ew1nc, WARREN E. THOMPSON, AND 
GerorGE C. PIMENTEL 


Department of Chemistry, University of California, 
Berkeley, California 


(Received December 19, 1960) 


N error in our calculations of the thermodynamic 
functions of HCO has been brought to our atten- 
tion.! We have omitted the statistical weight factor 
associated with the doublet character of the ground 
electronic state of this free radical. A temperature 
independent term of R In2=+1.38 cal/deg mole must 
be added to every number in the columns headed 
—(F°—H,°)/T and S° in Table IX. The enthalpy 
function and heat capacity computations are un- 
changed. 


' Dr. J. Gordon, private communication. 
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Notes 


Radial Distribution Function from the 
Percus-Yevick Equation* 


A. A. BROYLES 


Department of Physics, University of Florida, Gainesville, Florida 


(Received October 10, 1960) 


ERCUS and Yevick! have applied their collective 
coordinate techniques to the problem of deter- 
mining the radial distribution function g(r) for a 
classical fluid in thermal equilibrium. They have de- 
rived an integral equation given as Eq. (64) of the 
work cited in footnote 1. In order to indicate the 
validity of their assumptions and the accuracy of 
results obtained from their techniques, a numerical 
solution to the Percus-Yevick (PY) equation is pre- 
sented here for a case where g(r) is available from the 
Monte Carlo (MC) and Born-Green (BG) methods. 
Monte Carlo radial distribution functions have been 
obtained by Wood and Parker* for the Lennard-Jones 
(LJ) type potential. Comparisons between these MC 
functions and solutions to the BG equation are pre- 
sented in footnotes 3 and 4. Our Fig. 1 compares the 
PY function with the MC BG functions‘ for 
na®*=10/9 where na® is the number of particles per 
unit volume when the unit of length is the parameter @ 
in the LJ potential ¢ in Eq. (1 


and 


o(r) =4e[ (a/r)"—(a/r)*] 


In these calculations, k7/e was taken to be 2.74. 

The techniques for solving the PY integral equation 
were similar to those described in the work cited in 
footnote 3. Checks were made on the accuracy of the 
solution by decreasing the interval and by comparing 
the g’s substituted under the integral sign with those 
produced by the integration (one iteration), and it is 
believed that the PY solution presented in Fig. 1 is 
known to within +0.003. 

One manner of comparing 
substitute them into Eq. (2), 


these functions is to 


- 
tira sf (1—g)rdr=n a \1—kT(0p/dn) 7} (2) 


and to observe the difference.® The integral in this equa- 
tion converges so slowly that it is helpful to use the 
asymptotic form of g at large r. For the PY equation, 
this form is given by 

g~1+0 exp(—ar) sin(mr—c), 
where the parameters are listed in Table I for r meas- 
ured in units of a. The parameters for the same form 
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Fic. 1. The radial distribution function g vs r/a for na*=10/9 
from the Percus-Yevick integral equation (solid curve), the Monte 
Carlo method (dashed curve), and the Born-Green integral equa 
tion (dotted curve). 


obtained by fitting the BG solution are also listed, as 
well as the left-hand side of Eq. (2) evaluated with 
the aid of Eq. (3). For the PY solution, Eq. (3) ap- 
proximates g to within 0.1 for r’s greater than 1.9a and 
to within 0.01 for r’s greater than 2.9a. 

Table I also lists px/RT and E’/RT evaluated with 


TABLE I. Thermodynamic functions and parameters for Eq. (3). 
Left 
side of 
c Eq. (2) po/RT 


5.989 0.93 10.10 
2.928 0.10 3.82 
7.70 


the aid of® Eqs. (24) and (25) of the work cited in 
footnote 2 for the PY and BG solutions. 

We see from Table I that po/RT and E’/RT com- 
puted from the PY solution are closer to the MC value 
than are the same quantities computed from the BG 
solution. Figure 1 shows that the entire curve of the 
PY solution is much closer to the MC than to the BG 
solution. The PY solution behaves as though it is 
unable to follow some of the smaller twists and turns 
of the MC curve but tries to smooth them out in a 
reasonable fashion. It is clear that the PY techniques 
have yielded some very interesting results in this case 
and warrant further study for improvement and other 
applications. 

The computations presented here were carried out on 
the IBM 650 of the University Statistical Laboratory 
with the aid of Frank Vickers who programmed the 
problem introducing several ingenious innovations to 
speed up the solution. 

* This work was supported in part by the National Science 
Foundation. 

1 J. K. Percus and G. J. Yevick, Phys. Rev. 110, 1 (1958). 

2 W. W. Wood and F. R. Parker, J. Chem. Phys. 27, 720 (1957). 

3 A. A. Broyles, J. Chem. Phys. 33, 456 (1960). 

‘A. A. Broyles, J. Chem. Phys. (to be published). 

5 Terrell L. Hill, Statistical Mechanics (McGraw-Hill Book 
Company, Inc., New York, 1956), 1st ed., p. 185, Eq. (29.35). 

6 A minus sign was apparently omitted from the right side of 
Eq. (25) of the work cited in footnote 2. 
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Low-Energy Process for F- Formation 
in SF, 


R. K. CurRRAN 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 


(Received November 23, 1960) 


RECENT electron impact experiment using the 
RPD! method in a mass spectrometer has re- 
vealed a low-energy process for the formation of F~ in 
SFs. The appearance potential is measured as being in 
the range 0 to 0.05 ev. The cross section for the process 
closely resembles that for SFs~ formation.? That is, 
the F~ current has the width of the electron distribution 
and the cross section is thus close to a delta function at 
zero energy. The maximum cross section for F~ forma- 
tion is about 0.01 of the SFs~ cross section. The F- 
current vs electron energy is shown in Fig. 1. The 
electron retarding curve is used to determine the zero 
of the electron energy scale. Zero electron energy corre- 
sponds to the foot of the electron retarding curve. 

The kinetic energy of the F~ ions has been measured 
as 0.20+0.05 ev which yields a total kinetic energy of 
0.23+0.05 ev for the process. There is no dependence 
of the ion energy on electron energy because of the 
sharp energy dependence of the cross section. The total 
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Fic. 1. F~ current vs electron energy. 
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kinetic energy of the process is taken as 146/127 times 
the kinetic energy of the F~ fragment ion. 

The dissociation energy of the SF; and F bond, 
D(SFs—F) may be determined from 


AP(F~)+EA(F) <D(SFs—F)+KErot. (1) 


Using the appearance potential of F~, A P(F~) =0+ 
0.05 or —O ev and the total kinetic energy, K Evotai= 
0.230.05 ev as measured, along with the electron 
affinity of fluorine,’ EA(F) =3.62+0.09, one obtains 
from Eq. (1) that D(SF;—F) <3.3940.15 ev. The 
inequality holds since nothing definite may be said of 
the internal energy of the SF; fragment. It should be 
noted that by taking AH;(F) =18.5 kcal/mole and 
AH,(S) =57 kcal/mole together with® AH;(SFs) =— 
262 kcal/mole one has [D(S—6F) ]/6=71.7 kcal/mole 
or 3.11 ev. Considering the uncertainty‘ in the value of 
AH,(S), there is no disagreement between the electron 
impact value for D(SF;—F) and the thermochemical 
value for [D(S—6F) ]/6. It thus appears that there is a 
constant S—F bond energy in SF; and SFs. 

The work of Hickam and Fox? has shown the ap- 
pearance potential of SF;~ from SFs to be 0 ev. This 
result, in the light of the present work, suggests that a 
value of about 3.39 ev be placed on the electron affinity 
of SFs. 

1R. E. Fox, W. M. Hickam, D. J. Grove, and T. Kjeldaas, Jr., 
Rev. Sci. Instr. 26, 1101 (1955). 

2 W. M. Hickam and R. E. Fox, J. Chem. Phys. 25, 642 (1956). 

3H. O. Pritchard, Chem. Revs. 52, 529 (1953). 

4T. L. Cottrell, The Strengths of Chemical Bonds (Butterworth 
Scientific Publications, Ltd., London, 1958). 

5 F. D. Rossini, D. D. Wagman, W. H. Evans, S. Levine, and 
I. Jaffe, Natl. Bur. Standards (U. S.) Cire. No. 500 (1952). 


Gaseous Detonations. XIV. The CH Radical 
in Acetylene Oxygen Detonations 


RicHARD K, Lyon AND Paut H. Kypp 


Gibbs Chemical Laboratory, Harvard University, 
Cambridge, M assachusetts 


(Received September 6, 1960) 


ITH the apparatus described previously! we have 

observed the time-resolved absorption spectrum 
of a detonation in an equimolar mixture of acetylene 
and oxygen at an initial pressure of 6 mm. The over-all 
spatial resolution of the apparatus is 9 mm. Since the 
detonation wave velocity (measured over 10-cm 
intervals) under these conditions is stable to }%, the 
mean displacement of the front from its average posi- 
tion during the light flash should be only 0.5 mm. Hence 
the resolution of the detonation wave structure is 
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chiefly determined by the spatial apparatus resolution. 
Unfortunately the absorption spectra change in a 
distance comparable to or less than our resolution, so 
that quantitative measurement of the time variation 
of the spectra could not be made. However qualitative 
observation was possible, and is described in full detail 
in the work cited in footnote 2. 

The 3143 band of CH appears directly behind the 
shock front, then the OH absorption appears, and the 
CH absorption disappears. Due to limited resolution 
we cannot say whether OH appears before or after CH 
disappears. The region of the detonation wave in which 
CH is observed and OH is not, is between 3 and 8 mm 
wide.’ The f number for the 3143 transition is unknown, 
but is necessarily less than one. On this basis we cal- 
culate a lower limit for the CH concentration of 4X10" 
molecules/cc. This would require a conversion of 4X 
10% of the original C2He to CH radicals. 

Bennett and Wedaa‘ have observed the light emis- 
sion of the acetylene-oxygen detonation as a function of 
time. They found a zone of intense luminosity directly 
behind the shock front of the detonation. The width 
of this zone varied inversely with initial pressure. At 
an initial pressure of 6 mm the luminous zone had a 
width of 5.5 mm. 

It seems probable that the luminous zone and the 
reaction zone coincide. If this is assumed, then the 
zone in which we have observed CH is the same as the 
reaction zone, within a large experimental error. This 
might be taken to mean that the CH radical disappears 
when the oxidation is complete, i.e., when the acetylene 
is exhausted. 

The temperature immediately behind the shock front 
is readily calculated from the observed detonation wave 
velocity and is 2078°K. At this temperature the reac- 
tion C,H»—2CH would give an equilibrium concentra- 
tion of 1.210" molecules of CH per cc, less by a 
factor of 33 than the lower limit of the observed con- 
centration. Further, since the reaction is 230 kcal/mole 
endothermic, it must be very slow. On this basis we 
conclude that CH is not formed by acetylene dissocia- 
tion but by some oxidation reaction. 

Gaydon, in discussing the chemiluminescent emis- 
sion of CH in flames, has proposed the reaction C2+ 
QH—-CH+CO. He suggests that the Cy might be 
formed by oxidation of diacetylene® via 


C,H.+( > Cy Hol Yy— Co+ Ho+ 2C( ). 


Using the best available values for the heats of forma- 
tion of C.’ and diacetylene® this reaction is calculated 
to be about 40 kcal endothermic. This would make it 
too slow to explain the present observation, but the 
difficulty might be removed if one postulates the 
sequential reactions CyHe+H—-H2+CyH and CyH+ 
O.—-CO+C.+CHO, which we estimate to be 22 kcal 
endothermic, using 6 kcal as the heat of formation of 
CHO.’ 
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Recent studies by Kistiakowsky and _ Richards!® 
strongly indicate that the rate-determining step in the 
high-temperature oxidation of acetylene is H+O.— 
O-+OH, although the rest of the chain reaction is not 
completely certain. In the authors’ opinion this justi- 
fies postulating that OH is present when CH is formed, 
even though it is not detected. 


1G. B. Kistiakowsky and F. D. Tabbutt, J. Chem. Phys. 30, 
577 (1959). 

2 R. K. Lyon, thesis, Harvard University, 1960. 

’ It should be noted that the CH spectrum is very close packed 
while that of OH is open. With the spectrograph we used (a 
Hilger E-1 Littrow type, 6.8 A/mm dispersion) the structure of 
the OH was well resolved, but the CH appeared as a broad line. 
Hence the method of detection is much more sensitive to CH 
than OH; OH could have been present in higher concentration 
than CH and still have escaped detection. 

‘A. L. Bennett and H. W. Wedaa, J. Chem. Phys. 23, 1359 
(1955). 

5A. G. Gaydon, The Spectroscopy of Flames (Chapman and 
Hall, Ltd., London, 1959). 

® Recent studies by J. N. Bradley and G. B. Kistiakowsky, 
J. Chem. Phys. (to be published) have shown that diacetylene 
is probably formed during the oxidation of acetylene. 

*R.L. Altman, J. Chem. Phys. 32, 615 (1960). 

8 F. H. Coats and R. C. Anderson, J. Am. Chem. Soc. 79, 1340 
(1957). 

8A. Trotman-Dickenson, Gas Kinetics (Butterworth Scientific 
Publications, Ltd., London, 1955). 

0G. B. Kistiakowsky and L. W. Richards (to be published) ; 
also see L. W. Richards, thesis, Harvard University, 1960. 


Electrical Conductivity of Some 
Coordination Polymers 


SENCHI KANDA AND SHINICHI KAWAGUCHI 


Department of Chemistry, Institute of Polytechnics, 
Osaka City University, Kita-ku, Osaka, Japan 


(Received November 2, 1960) 


HE semiconductor behavior has been observed by 
earlier workers on some organic materials, notably 
aromatic ring compounds! and those containing metal 
ions in the center of structure.2 However, there has 
been no study reported on electrical properties of the 
coordination polymer in which metal ions and chelating 
agents are arrayed alternately. We wish to report the 
electrical conductivities of solid samples of 1,6-di- 
hydroxyphenazinato-Cu(IT) (A), 2,5-dihydroxy-p-ben- 
zoquinonato-Cu(II) (B) and rubeanato-Cu(II) (C). 
The preparation of the former two compounds has 
already been reported,’ and the latter was also pre- 
pared by a similar method using the alcoholic solution 
of rubeanic acid and the aqueous solution of copper 
sulfate. Fine powder of each compound was com- 
pressed into a disk (12 mm in diameter and 2~3 mm 
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thick) under pressure of about 5X10* kg/cm?. To 
avoid the effect of grain boundary contributions, the 
measurement of resistivity was carried out mainly 
with ac by means of a Q meter (Mita Radio Labora- 
tory, model 29-5). In addition, the dc measurement 
was performed employing a vibrating condenser type 
voltmeter or a dc microammeter. These electrical 
measurements were usually made under a reduced 
pressure of approx 10-? mm Hg. 

The resistivity of the sample C was found to be 
represented by the formula R= Ry exp(AF/RT) in the 
temperature range of —10 to 80°, and with ac: R(at 
30°) =5X10' ohm cm, AE=0.2 ev, with dc: R(at 
30°) =2.5X 10° ohm cm, AE=0.3 ev. At higher temper- 
atures above 90° the compound tends to decompose 
gradually, resulting in an increase of resistivity, but 
the AE value is not altered. 

The de measurement of the sample A gave the follow- 
ing results: R(at 60°) =10" ohm cm, AE=1 ev (60~ 
160°). These data are reproducible showing no hystere- 
sis. This ac measurement at the same temperature range 
gave a small positive value of dR/dT and R (at 60°) = 
10’ ohm cm, but at lower temperatures of dry ice, 
and liquid nitrogen dR/dT turned either to zero or to 
a small negative value. 

The compound B gave no reproducible value of 
resistivity either with dc or ac measurement. With dc 
the R value at 100° was found to be of the order of 
magnitude of 10" ohm cm and dR/dT<0. With ac, 
R at 20° was of the order of magnitude of 107 ohm cm 
and dR/dT <0. 

More detailed investigation of electrical properties 
of the compound C, such as rectifying and thermo- 
electric properties, is now in progress. 

1 Cf., for example, H. Inokuchi, Bull. Chem. Soc. Japan 29, 
131 (1956); A. G. Chynoweth and W. G. Schneider, J. Chem. 
Phys. 22, 1021 (1954): 

2D. D. Eley and G. D. Parfitt, Trans. Faraday Soc. 51, 1529 

1955); A. Epstein and B. S. Wildi, J. Chem. Phys. 32, 324 
(1960). 


8S. Kanda and Y. Saito, Bull. Chem. Soc. Japan 30, 
1957). 
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Infrared Spectra of the Lithium Halide 
Dimers 


WILLIAM KLEMPERER* AND WILFRED G. Norrist 


Department of Chemistry, Harvard University, 
Cambridge, Massachusetts 


(Received November 18, 1960) 
ARLIER work on the infrared spectra of the gase- 


ous alkali halides revealed only one absorption 
in each system.! This absorption was assigned to the 
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vibrational transition of the diatomic monomer. A 
reinvestigation of this absorption in the lithium halides 
using a grating spectrometer has completely confirmed 
this assignment.” On the basis of the observation of 
only one absorption in the alkali halide spectra one of 
us (W.K.) stated that the chemical composition of 
the vapor in equilibrium with the condensed phase 
consists entirely of monomeric species. The fact that 
Friedman*® and Miller and Kusch* had observed that 
the vapor effusing from Knudsen cells was highly 
dimerized, was interpreted to indicate that these work- 
ers did not have equilibrium conditions inside the 
beam source. This conjecture has been amply disproven 
by Kusch and co-workers.® 

The lithium halides are the most highly dimerized 
alkali halides. Furthermore, the vibration frequencies 
of the lithium halides are the highest in frequency, 
which is of great convenience experimentally. We have 
therefore reinvestigated the infrared spectra of these 
systems. The present study has extended the wave- 
length range to 220 cm™. This limit is considerably 
below that of the earlier work, which extended to only 
about 200 cm past the absorption of the monomer. 
For each system two new absorptions were observed 
below the frequency region examined earlier. The 
frequencies of the absorption maxima are listed in 
Table I. For lithium fluoride the bands were consider- 


TABLE I. Absorption maxima of the lithium halide dimers in cm7!. 





LiF 640 


460 


ably broader than those of the other three halides and 
the maxima are uncertain to about 15 cm”. A spec- 
trogram of lithium chloride is shown in Fig. 1. This is 
typical of the observation for LiCl, LiBr, and Lil 
systems, 

On the basis of a planar rhomboid structure there are 
expected to be three infrared-active normal modes of 
vibration in the alkali halide dimers. Two of these 
By, and Bs, are in-plane bond-stretching motions. The 
third is the B,, out-of-plane bending motion. In view of 
the fact that only two absorptions have been presently 
observed the assignment of these bands to normal 
vibrations is somewhat arbitrary. 

We tentatively assign the two observed vibrations 
as the By, and Bs, bond-stretching motions. The high 
frequency vibration corresponds to the oscillation of 
atoms parallel to the long axis of the rhombus. The 
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Fic. 1. Infrared spectrum of gaseous lithium chloride. The 
spectrum is observed with cesium-iodide optics using a mechani- 
cally driven slit to maintain somewhat constant light intensity. 
The absorption at 700 cm™ is due to polyethylene while the 
band at ~260 cm™ is due to atmospheric water which remained 
after strong flushing with nitrogen. 


reasons for this choice are twofold. First, this assign- 
ment fits well the ratio of the frequencies expected on 
the basis of a simple valence force field with small 
potential constants for in-plane angle deformations. 
The geometry, which effects the splitting of the vibra- 
tions in this model, has been recently measured for 
LiCl, LiBr, and Lil.®” Second, if the intensities of the 
three infrared-active modes are estimated from a 
polarizable-ion model, the out-of-plane bending motion 
is expected to be much weaker than the two stretching 
motions. 

This research has been aided by grants from the 
National Science Foundation and the Research Cor- 
poration. 
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+ Present address: Department of Physics, Juniata College, 
Huntingdon, Pennsylvania. 
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Bis-Liganded Nitrosyl as a Reaction 
Intermediate 
James R. Cox, JRr., AND JAMEs D. Ray 


School of Chemistry, Georgia Institute of Technology, 
Atlanta, Georgia 


(Received November 2, 1960) 


NVESTIGATION of the kinetics and equilibrium of 

the gas-phase reaction of nitrosyl chloride and 

methanol has revealed that, while the equilibrium 
constant K for the reaction is given by the expression 


K =[MeONO][HC1]/[NOCI][MeOH], (1) 


the forward reaction is second order in methanol and 
first order in nitrosyl chloride. The obverse criterion 
deduced from transition state theory that the reverse 
reaction be first order in methanol as well as in methy] 
nitrite and hydrogen chloride has been experimentally 
confirmed; thus the stoichiometry of the reaction is 
properly represented by Eq. (2) 


ky 
2MeOH+ NOCI=MeONO+ HCl+ MeOH. 


k- 


Determination of the kinetic constants was made by 
quantitative infrared spectroscopy; the initial reaction 
rate in each direction was evaluated as a function of the 
partial pressure of each component of the system in 
order to establish the kinetic orders. At 252°; = 
6.2X10 mm Hg™ sec! and k_,=8.9X10 mm Hg 
sec, K=k,/k_1=0.09. Independent evaluation of K 
by quantitative infrared spectroscopy of the equilib- 
rium mixtures led to a value of 0.73, in good agreement 
with the above, and with the published value.! 

Although several reaction paths are consistent with 


Fic. 1. Three-dimensional sketch of the bis-liganded reaction 
intermediate (J). The dotted bonds are being made and broken 
during progress along the reaction coordinate in either direction. 
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the available experimental data, consideration of the 
geometry and symmetry of the reactants leads to the 
following sequence, which has many interesting im- 
plications: 


2 MeOH=(MeOH)> (3) 


(MeOH).+NOCI=/J—MeOH:-HCI+MeONO (4) 


MeOH: HCl=—MeOH-+ HCl. (5) 

In support of the above formulation the following 
facts may be noted. (a) Chemically stable species in 
which a nitrosyl ion is coordinated to two electron- 
donor groups have been well characterized’; their 
resemblance to J is obvious. (b) Methanol is known to 
be in equilibrium with a hydrogen-bonded dimer(as 
well as a tetramer) in the gas phase,’ and evidence has 
been adduced by infrared‘ and nuclear magnetic 
resonance’ methods that a cyclic structure is likely for 
such alcohol dimers. In the cyclic dimer the two electron 
pairs which become coordinated to nitrogen in J are 
spatially oriented so that little, if any, reorganization 
of atoms would be required in order to form the new 
bonds. (c) The chloride ion probably requires little 
solvation®; since in J it is internally ‘‘solvated” by 
interactions with the more positive parts of the mole- 
cule which are at least in part covalent, and since in 
passing along the reaction coordinate in either direc- 
tion from J free ions do not form, at worst any species 
in the sequence which possesses ionic character may be 
thought of as a very tight gaseous ion pair. (d) The 
C—Cl bond in NOCI is exceptionally long, and is con- 
sidered to considerable “ionic character.’” 
In addition the electron density of nitrogen in methyl 
nitrite is similar to that in NOCI, both being unusually 
low as judged by NMR chemical shifts.$ (e) The com- 
pound MeOH-:HC1 is well established. 

Alternative pathways by which formation of the 
activated complex takes place are, of course, possible. 
A methanol dimer having a single hydrogen bond, a 
methyl nitrite—hydrogen chloride adduct, and a methyl 
alcohol—nitrosyl chloride adduct, are all possible 
substitutes in reactions (3), (4), and (5). 
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Heat Capacity Anomaly in Solid Air* 


WitiiAM H. Lren AND NorMaAN E. PHILLips 
Department of Chemistry and Lawrence Radiation Laboratory, 
University of California, Berkeley, California 
(Received December 12, 1960) 


E have recently had occasion to make heat 

capacity measurements on several “empty” 
-calorimeters, made almost entirely of copper and 
weighing approx 180 g. In two separate sets of meas- 
urements between 1°K and 4°K unexpectedly high 
results were obtained; below 3°K the heat capacity was 
40% to 80% higher than estimated. Investigation 
showed that the high heat capacity was caused by the 
presence of approximately 0.1 g of air sealed into the 
calorimeters. After the second of these runs the calorim- 
eter seal was cracked to permit the escape of the air 
and the measurement repeated without otherwise 
changing the apparatus. The heat capacity was then 
found to be close to that estimated for the calorimeter. 
The heat capacity of the air is shown in Fig. 1. There 
is an uncertainty of perhaps 5% in the amount of air 
present and therefore in the values plotted in the 
figure. In this temperature range the heat capacity of 
solid air is as much as 400 times greater than that of 
solid oxygen.! 

It seems probable that the large heat capacity is 
associated with an antiferromagnetic ordering of the 
electron spins of the oxygen molecules at about 3°K. 
From a comparison of the spectroscopic entropy of 
oxygen gas with calorimetric measurements on the con- 
densed phases, Giauque and Johnston? showed that in 
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Fic. 1. The heat capacity of solid air. 
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pure solid oxygen the spins are largely aligned at liquid 
hydrogen temperatures. Calorimetric?* and magnetic? 4 
susceptibility data suggest that a transformation to an 
antiferromagnetic state is coincident with the y-@ 
crystallographic transition at 43.8°K. Dilution of an 
antiferromagnet with a diamagnetic material reduces 
the mean energy of interaction between the spins. 
Consequently, the alignment of the spins in solid air 
can be expected to take place at a lower temperature 
than in pure oxygen. Further support for this point of 
view comes from magnetic susceptibility measurements 
on liquid oxygen-nitrogen solutions. Between 64°K 
and 77°K these solutions follow a Curie-Weiss law with 
antiferromagnetic Weiss constants. The Weiss con- 
stant for a composition corresponding to the present 
sample would be about 7°K, within the usual range of 
values that might be expected for a material with a 
Neel temperature of 3°K. The fact that the heat 
capacity does not have the sharp peak characteristic of 
antiferromagnetic transitions in pure compounds is to 
be expected on general grounds and also by comparison 
with magnetic measurements on solutions.® 

* This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 
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>A. S. Borovik-Romanov, M. P. Orlova, and P. G. Strelkov, 
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Dipole Moment of the OH Radical from the 
Stark Effect of Its Microwave Spectrum* 


RicHARD T. MEYER? AND ROLLIE J. MYERS 
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Berkeley, California 


(Received November 28, 1960) 


HE electric dipole moment of the OH radical has 

been the subject of recent experimental and theo- 
retical studies. Madden and Benedict! have obtained 
a value of 1.54 debye from a study of the emission 
spectrum of an oxyacetylene flame. Their value is 
based upon the relative intensities of the OH and HO 
rotational lines and on a tentative determination of 
the ratio of OH and H.O in the flame. It is very close 
to the OH bond moment of 1.53 D® as found in water. 
The theoretical determinations stem from interest in 
the wave functions of the first row diatomic hydrides. 
Krauss and Wehner* have summarized the recent 
theoretical work on the dipole moment of OH. The 
values range from 0.8-2.7 D; however, the most com- 
plete calculations including the best correlation correc- 
tions give values in the range 2.1-2.7 D. 
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The purpose of this paper is to report the initial 
value that we have obtained from the Stark effect of 
the OH microwave transitions near 23 820 Mc. Our 
value is subject to a greater uncertainty than are most 
microwave dipole moment determinations, but it is 
probably comparable in accuracy to the Madden and 
Benedict value. An estimate of our experimental un- 
certainties indicates that the OH dipole moment must 
be close to the bond moment in water or perhaps 
slightly larger than this value, but the theoretical 
estimates of 2.1-2.7 D are outside of our experimental 
error. 

The Stark effect measurements were made in a 
parallel-plate wave guide cell constructed of aluminum 
sheet. The parallel plates were mounted in a 3-ft 
length of 4-in. diameter “Pyrex” pipe. They were 
flared at each end nearly to the diameter of the pipe 
in order to facilitate microwave excitation by dielectric 
rods. The plates were spaced about 6 mm apart and 
square-wave Zeeman modulation at 5 kc was applied 
to the center part of the cell to facilitate the detection 
of the relatively weak microwave absorptions. The OH 
radicals were produced by a microwave discharge 
through a He and O» mixture.° 

Because of experimental limitation on pressure and 
maximum electric field before gaseous breakdown 
occurred, it was not possible to resolve individual 
Stark components. It was possible, however, to measure 
the shift in the frequency of the maximum of the 
microwave absorption of each of the two hyperfine 
components of the V =4 transition. At a field of 775+ 
15 v/cm a shift toward higher frequency of 1.13-40.3 
Mc and 1.20+0.3 Mc were observed for the F=4 and 
F=5 components, respectively. 

Because of the large rotational constant of OH the 
Stark effect is almost entirely due to second-order 
terms between the A doublets. Penny® has given the 
equations for Hund’s case (a) [see G. Herzberg, 
Molecular Spectra and Molecular Structure. 1. Spectra 
of Diatomic Molecules (D. Van Nostrand Company, 
Inc., Princeton, New Jersey, 1950), 2nd ed. ] and with- 
out hyperfine interaction. The intermediate coupling 
can be taken into account by a very simple procedure. If 
one removes ¢, the major off-diagonal element in the 
molecular Hamiltonian,®” by a transformation corre- 
sponding to a two-by-two rotation through an angle 4, 
then this angle has a simple vector-model significance 
for the two 7II states of OH, 


(Q) = (144) cos*6+ (14) sin’¢. 


The use of the above (2) in Penny’s equations corrects 
them for intermediate coupling. 

The hyperfine interaction in OH is considerably 
larger than the possible Stark perturbations so that the 
weak field case for the J, J, F, M representation is the 
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appropriate one. This can either be done exactly or by 
perturbation through the technique of Townes and 
Schawlow.® The final equation for the Stark effect of 
each level in its simplest form is 


(0) 
~ J2( J+1)2(WY— WW?) 


* {[(2I+3) /(2J+1) JM?+H}, 


where the equation for F= J+} can be obtained by 
replacing (2J/+3) by (2J—1). 

Since we did not resolve individual Stark components 
some type of averaging procedure must be used. In the 
parallel plate guide the microwave and dc electric 
fields were parallel, thus the selection rule AM=0. 
In the weak-field case the intensities of each Stark 
component should be proportional to M*. A value for 
the dipole moment was calculated from the frequency 
shift for every M value and an average value was 
determined using M? as a weighting factor. Burris® 
has found this to be a satisfactory method when 
individual Stark components are not resolved. From 
the two frequency shifts we obtain 1.63 and 1.68 D 
for the F=4 and F=5 components, respectively. We 
have selected an average value of 1.65+0.25 D. The 
stated error is larger than the direct experimental one 
and it should be generous enough to include the 
errors introduced by the necessity of averaging the 
Stark components. Work is continuing on this problem 
and we hope to be able to resolve individual Stark 
components and to reduce the errors in the determina- 
tion. 
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Spin Inversion Operator in Nuclear 


Magnetic Resonance 
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ec: )' has used the operator \; defined by 


Ai | Li, m;)= | 1;, —mj;), (1) 


to prove a number of important properties of the NMR 
spin Hamiltonian. From the definition of \; the com- 
mutation rules are’ 


LA, Tj )=Aily+1, j=) 1. ;4+ 1, A;=0. 


The fact that the commutators [A;, Z,;] and [\,;, J,;] 
are different is not important for the usual NMR 
problem since 


(2) 


LA, DoJ el je 1 ]=0, 


i<k 


(3) 


where A=] Aj, regardless of whether \ commutes or 
anticommutes with J, and J,. 

For some NMR problems, however, the difference 
in commutation properties of \ with /, and J, is signifi- 
cant. For example, the Hamiltonian operator for a 
nuclear magnetic double resonance experiment is*® 


= DA dest Dal lit Dorvilei (4) 
j j<k j 


where 
A ;=9j;+wo/27, 
w= frequency of second radio frequency field, 
% j= —¥ jHo/2n, 
V;= —y;H2/2r, 
and 
H,=amplitude of second radio frequency field. 


The appearance of J,; or J,; in the last term of Eq. (4) 
depends simply on the choice of the phase of the rotat- 
ing field w: or on the definition of the axis of the oscillat- 
ing field commonly used in NMR experiments. Since 
the commutators [A;,/.;] and [\;,/,;] differ, [A, 
5K] depends on the definition of the axis of the radio 
frequency field. 

This result suggests that a somewhat different 
definition of the spin inversion operator would be more 
appropriate 

X; | Jj, m;)= exp(idm;) | 1;, —m;), (5) 
where mj; is a real constant depending on 


m;, and 
|7;,m;) is an eigenfunction of J? and /,. 


For the 
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operator Xj, 


K [ej +1.j\;=0. (6) 


If it is required that \; anticommute with the other 
components of the angular momentum, 


Alajtejdj=Nlytlyai=0, 


it follows that 7\;=—\,i. Furthermore, ¢m; must be 
equal to m;r+q’, where ¢’ is some real constant in- 
dependent of m. The constant ¢’ can be conveniently 
set equal to zero. 

Using these properties of 4; and Eq. (5), it is easily 
shown that [X;, 7 ]=0, \,7=1, if m; is an integer, and 
\,?=—1 if m; is a half integer. It should be noted that 
these properties of 4; are just those found for a time 
reversal operator. 

The operator A=[] 4; can be used, for example, to 
show the invariance of a nuclear magnetic double 
resonance spectrum to change in the sign of the coupling 
constant J. If 5’ is the Hamiltonian of Eq. (4) with 
the signs of all the coupling constants changed (J j.—— 
J ix), then 


H+5H’=2A+2C, 


where A =)°;A I,;, and C=) tas] s}. 


/ 


A]=—2AA—2AC, 


= r- 
since LJ, 


+ A A—3C=—2A—2C, (9) 
where the sign of A3CA depends on whether >> jm; is 
integer or half integer. Combining Eqs. (8) and (9) 
gives 


—H’' A. (10) 


A = 


The proof from Eq. (10) that the eigenvalues and 
transition probabilities between eigenstates of 3¢ and 
5c’ are equal is identical to that given by Corio.” 

The spin inversion operator \; displays rotational 
symmetry, and thus [5C, A] does not depend on the 
choice of the x or y axis for the direction of the radio 
frequency field. However it must be noted that 4; 
has the special properties that iA;=—X,i, and }?=+1 
depending on whether m; is integer or half integer. 


1P. L. Corio, Chem. Revs. 60, 363 (1960). 

2 P. L. Corio, J. Chem. Phys. 29, 682 (1958). 

3 The commutation rules given in the work cited in footnote 1, 
p. 372 are in error. However [A, 3C] is correctly given, and all 
theorems based on this commutator are valid. (P. L. Corio, 
private communication). 

4 A. L. Bloom and J. N. Shoolery, Phys. Rev. 97, 1261 (1955). 

5 J. D. Baldeschwieler, J. Chem. Phys. 34, 718 (1961). 

6 4¢ is given in a coordinate system rotating at frequency w». 

7 Work cited in footnote 1, p. 406, Eqs. (5) to (7). 
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Identification of Perinaphthene Radical in 
Petroleum Product 


FERDINAND C. STEHLING AND KENNETH W. BARTZ 


Research and Development Division, 
Humble Oil and Refining Company, Baytown, Texas 


(Received November 21, 1960) 


HE existence of free radicals in petroleum’ and 

in some products derived from petroleum‘ has 
been determined by electron spin resonance (ESR). 
Although these radicals are believed to be condensed, 
aromatic ring structures, the specific identification of a 
free radical in petroleum or related products has not 
been reported. In most previous cases the ESR spec- 
tra have consisted of a single peak with no resolved fine 
structure. A spectrum of a free radical with extensive 
fine structure has now been obtained from the aromatic 
fraction of catalytic cycle stock; this radical has been 
identified as the perinaphthene radical [see diagram 


(1) }. 


az 8 


DIAGRAM 1, 


The history of the sample was as follows: a fraction 
of crude oil boiling between 320 and 670°C was succes- 
sively hydrodesulfurized, catalytically cracked, and 
distilled. The high boiling residue was phenol extracted 
and the extract was examined by ESR after removing 
the phenol. A spectrometer operating at 9.2 kMe with 
100-kc single modulation and phase-sensitive detection 
was used to obtain the spectrum which is shown in Fig. 
1. The g value, the number of peaks, and the splitting 
between peaks appear to be identical to those reported 
for the perinaphthene radical by Sogo, et al. The rela- 





> 
g=2.0 Increasing Ho 


..10 gauss , 


Fic. 1. 
stock. 


ESR spectrum of phenol extract of catalytic cycle 
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tive intensities of the peaks are also similar; exact 
correspondence of the relative intensities is not to be 
expected because of differences in resolution. Thus, 
the radical species in the phenol extract of catalytic 
cycle stock is undoubtedly the perinaphthene radical. 
The concentration determined by numerical double 
integration of the first harmonic of the absorption mode 
and comparison with a diphenylpicrylhydrazyl sample 
of known concentration was about 10-4 moles/liter. 

An investigation of the origin of the perinaphthene 
radical will be conducted shortly. 


1H. S. Gutowsky, B. R. Ray, R. L. Rutledge, and R. R. 
Unterberger, J. Chem. Phys. 28, 744 (1958). 

2D. E. O'Reilly, J. Chem. Phys. 29, 1188 (1958). 

3T. H. Brown, H. S. Gutowsky, and K. E. Van Holde, J. 
Chem. Eng. Data 5, 181 (1960). 

4R. B. Williams and F. C. Stehling, unpublished work. 

5 P. B. Sogo, M. Nakazaki, and M. Calvin, J. Chem. Phys. 
26, 1343 (1957). 


Solvent Effects on the Spectra of Halide 
Ions* 


S. J. SrrickLerf AND M. KasHa 


Department of Chemistry, Florida State University, 
Tallahassee, Florida 


(Received December 14, 1960) 


T has been known for many years that halide ions in 
solution show strong absorption bands in the 
ultraviolet region.! The first interpretations of these 
bands were as “electron affinity spectra” in which it 
was proposed that an electron was transferred from the 
halide ion to one or several solvent molecules.?* More 
recent theories regard the excited state in these sol- 
vated systems as having the electron bound in the 
average field of the oriented solvent dipoles,‘ or in a 
spherical infinite potential-well defined approximately 
by the first solvation shell.’ Recently it has been 
suggested that this may be true for water and al- 
cohols, but that a specific transfer takes place in sol- 
vents such as acetonitrile.® None of these theories seems 
to us to be entirely satisfactory. 

However, regardless of the exact nature of the 
excited state, it seems well established that solutions of 
I-, Br-, and Cl show a distinct type of transition, 
which cannot be regarded as any internal electronic 
transition for the free ion. Indeed, no internal electronic 
transition is believed possible in these ions. Whichever 
theory of the excited state is considered most nearly 
correct, the solvent molecules must be intimately 
involved in it. This suggests that the solvent effects 
on the spectra might be large and characteristic of 
this type of transition. 
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Fic. 1. Spectra of sodium iodide in acetonitrile, water, and 
absolute ethanol. 


With this in mind we have studied the spectra of 
iodide, bromide, and chloride ions in several solvents. 
The compounds used were sodium iodide, tetraethyl- 
ammonium bromide, and tetraethylammonium chloride. 
(The latter two were chosen for solubility reasons.) 
The solvents used were acetonitrile, water, and absolute 
ethanol. All spectra were measured using a 0.1-mm 
cell in a Cary model 14 spectrophotometer, with the 
entire light path flushed with nitrogen. 

Figure 1 shows the spectra of iodide ion in the three 
solvents. Two peaks corresponding to the?P3/2. and? Pi, 
states of the halogen atoms* appear in the spectra of 
I- and Br-. The doublet splitting in the case of Cl- 
is so small (<900 cm) that the peaks could not be 
resolved. Table I summarizes the frequencies of the 
transitions of the ions in the three solvents. For I- 
and Br~ only the value for the low-frequency peak is 
given. 

Spectra of NaI were also run in mixtures of absolute 
ethanol and acetonitrile. The bands were slightly 
broader than in pure solvents. Both bands of the 
doublet shifted smoothly to the blue with increasing 
proportions of ethanol and neither band showed any 
indication either of splitting into two distinct com- 
ponents or of abnormal broadening. This is evidence 
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against the model in which an electron is transferred 
to a specific solvent molecule, since if this were the case 
“one would expect two sets of bands in the mixed solvent 
corresponding to a transfer to each kind of solvent 
molecule. 

It is seen in Table I that the frequency shifts in 
changing solvents are fairly uniform in the spectra of 
all three ions, and that the shifts are rather large. This 


[asie I. Frequencies (cm™') of first absorption peaks of 
halide ions. 


Water Ethanol (abs.) 


Acetonitrile 


40 500 44 150 


930 51 0008 


760 


spectrum is not well resolved, so these values are approximate 


’ This value taken from Scheibe.'! 


regularity appears spite of the fact that there is 
a large difference in the size and ionization potential for 
the three ions. We believe that any transition of this 
type should show similar solvent effects. A study of the 
solvent any strong ultraviolet transition 
could then be used as a test for a transition of this 
type. 

It has been suggested that the ultraviolet spectra of a 
large number of anions are due to such electron transfer 
transitions.*? Although solubility is a problem, the 
test for similar solvent effects could be applied to 
many of these ions. Such a study has been carried out 
for the strong transitions in the spectra of the ions 
NO;- and NOs:-. The solvent shifts are qualitatively 
different from those observed for halide and 
must therefore be assigned to internal transitions in 
these molecules. The spectra of nitrate and nitrite ions 
will be discussed in another place.* 


effects on 


ions, 


contract between the 
S. Navy and the 


* This work was supported im part by a 
Physics Branch, Office of Naval Research, U. 
Florida State University. 

+ National Science Foundation Predoctoral Fellow, 1956-60. 
Present address: Department of Chemistry, University of Calli- 
fornia, Berkeley, California. 

1G. Scheibe, Z. Elektrochem. 34, 497 

Leipzig) B5, 355 (1929). 

2 J. Franck and G. Scheibe, 
22 (1928). 

> E. Rabinowitch, Revs. Modern Phys. 14, 112 (1942). 

'R. Platzman and J. Franck in L. Farkas Memorial Volume, 
edited by A. Farkas and E. P. Wigner (Research Council of 
Israel, Jerusalem, 1952), p. 21; Z. Physik 138, 411 (1954). 

5M. Smith and M. C. R. Symons, Discussions Faraday Soc. 
24, 206 (1957). 

6 FE. M. Kosower, J. Am. Chem. Soc. 80, 3253, 3261 (1958). 
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8S. J. Strickler and M. Kasha, to be published. 
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Core Polarization in Li, 


OKTAY SINANOGLU* AND Ear” M. MortTENSENT 


Department of Chemistry and Lawrence Radiation Laboratory, 
University of California, Berkeley, California 


(Received November 23, 1960) 


ECENTLY, a theory was given! to show how a 

molecule can be built up from separate groups of 
electrons. Each group includes electron correlation, 
yet the separation takes the Pauli exclusion principle 
fully into account. The method justifies, e.g., the 
separate treatment of o and z electrons. 

In Li, the energy separates into the energies of two 
(Li*) ion cores interacting with dispersion forces, the 
correlated (o,2s)? shell, and the correlation energy 
between the outer electrons and cores.! The latter is 
referred to as “core polarization” and has not been 
considered in previous configuration interaction cal- 
culations.? It is the entire correlation effect and not 
just the “orbital average polarization,” or single excita- 
tions part which would vanish after a complete SCF 
calculation. This core-valence electron correlation 
energy can be obtained as the expectation value of a 
(Li*) correlation or “fluctuation” potential! over outer 
MO’s. 

We use Callaway’s’ potential V, resulting from the 
instantaneous polarization of (Li*) by a slow electron, 
the main part coming from the dipole terms. We shall 
examine the contribution of core polarization to the 
small binding energy of Li, and its sensitivity to the 
crudeness of the outer MO’s used. 

For Li atom, (2s, Vp2s) is calculated with an analytic 
Hartree-Fock SCF orbital 2sg and also with a Slater 
orbital 2s° Schmidt-orthogonalized to the core. The 
sing 2sp is the 6-term “best compromise” orbital given 

Roothaan, Sachs, and — in their Table Vb. 
: he 2s° is for Slate ‘r exponents 6;,= 2.65 and 6:,=0.65, 


29°=[1 


(4m)! [0.399157 exp( —0.65r) 


— 1.5030 exp(—2.65r) j. (1) 


For Liz(o,2s, Vpo,2s) is calculated for one core and 
one outer MO the result being multiplied by four for 
the total core polarization.! Two different approximate 
outer MO’s are used: (1) The analytic ‘best limited” 
SCF MO of Ransil’: 


=(),52979(2sy+ 2s») +0.11438 (2poa-+2pos) 
— 0.14397 (15.+155), 


(20,4) rR 
(2) 
with Slater exponents 62,;=0.6335, 62)¢=0.7609, and 


515 = 2.6894. (2) An MO formed from 2s Slater AQO’s 
Schmidt-orthogonalized to both cores 


Sat2s,) —0.13748 (1s.+15,), 


with 62,=0.65, 6;,=2.65. Both MO’s are for the equilib- 
rium internuclear distance of R,=5.051 a.u. 


(2¢,)omo =0.572 22(2 (3) 
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The lowering of the total energies of Li and Lis due 
to core polarization is shown in Table I. Numerical 
integrations were carried out on IBM 704. The value 
obtained for Li with the analytict HF SCF 2s,z agrees 


TABLE I. Core polarization energies in electron volts. 











Li atom 


(a) HF SCF 2spr 
(b) OAO (Eq. 1) 2:° 


0.1018 
0.1066 


Lie molecule (R,=5.051 a.u.) 


(c) SCF MO [Eq. (2)] (2e,)r 
(d) OMO [Eq. (3 | (2¢,)omo 


0.2473 
0.2520 


Contribution to Li, binding energy 


0.0436 
0.0387 


with that of Callaway; he used* an earlier numerical 
HF orbital. The total energy of Liy is lowered by 
approx 0.25 ev. This should be compared to the ‘“or- 
bital average polarization” energy which should be 
less® than 0.019 ev as found by Ishiguro, et al.2 The 
latter is not a correlation energy and arises as the 
difference between a complete SCF and a fixed core 
outer electron SCF calculation.!* 

Penetration effects are neglected in V,. They were 
estimated previously! for Li to be less than 0.035 ev 
for the 1532s, interaction and 0.001 ev for 1s,2sa. The 
“exclusion effect’! of other electrons on the 
polarization energy of one, as well as three or more 
electron Coulomb correlations which may be small are 
also left out. 

The contribution to the binding energy (1.03 ev) of 
Li, is also shown in Table I. We note that the energy 
is not very sensitive to the crudeness of the orbitals 
used. Thus where SCF MO’s are not available, e.g., 
for Nas, Ks, etc., it would suffice to use OMO’s. Note 
also that though core polarization contributes quite 
appreciably to the total energies of Li and Lik, the 
effects on the two almost cancel and yield a small 
contribution to the binding energy. Such a cancellation 
has often been assumed in semiempirical theories. 

We are most thankful to Professor K. S. Pitzer for 
encouraging this research. The work was done under 
the auspices of the United States Atomic Energy 
Commission. 


core- 


* Present address: Sterling Chemistry Laboratory, Yale Uni- 
versity, New Haven, Connecticut. 

+ National Science Foundation Postdoctoral Fellow. 

'Q. Sinanoglu, J. Chem. Phys. 33, 1212 (1960); Proc. Roy. 
Soc. (to be published) ; Phys. Rev. (to be published); Bull. Am. 
Phys. Soc. 5, 433 (1960). : 

2 FE. Ishiguro, K. Kayama, M. Kotani, and Y. Mizuno, J. Phys. 
Soc. (Japan) 12, 1355 (1957). 
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3J. Callaway, Phys. Rev. 106, 868 (1957); 
Table I is in Rydbergs. 

4C. C. J. Roothaan, L. M. Sachs, and A. W. Weiss, Revs. 
Modern Phys. 32, 186 (1960). 

5 B. J. Ransil, Revs. Modern Phys. 32, 245 (1960); Table I. 

6 The value 0.019 ev is too high for “orbital average polariza- 
tion” in Li, because it results from a very crude approximation? 
to outer MO’s in the field of fixed cores. 
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Vaporization of Several Rare Earth Oxides* 


Morton B. PANISH 


Research and Advanced Development Division, Avco Corporation, 
Wilmington, Massachusetts 


(Received November 18, 1960) 


HE vaporization of two of the lightest rare earth 

oxides, La,O; and Nd.O; has been shown by several 
workers'* to proceed principally by means of the 
reaction 


M2032. 72MO0 +O). ( 1 ) 


The work of Chupka, Inghram, and Porter was a mass 
spectrometric study of the La—La,O; system, and that 
of Walsh, Goldstein, and White was a simple effusion 
study of LasO; and Nd2O; vaporizing from tungsten 
effusion cells. 

In this work, the vaporization of PreO3, Nd2Os, 
Sm.0O;, and Eu.O; has been studied at temperatures 
ranging from 1950°K to 2350°K by analyzing the 
species effusing from a Knudsen effusion cell with a 
Bendix time-of-flight mass spectrometer. Experimental 
details of the heating and temperature measuring 
techniques will be described elsewhere.® 

The effusion cells were lined with either iridium or 
thoria. Studies in which iridium liners were used were 
principally to determine the relative amounts of the 
various species in equilibrium with the oxide with a 
minimum of chemical interference from the container. 
The ratio Jy+/Zyot of ion currents due to the metal 
and monoxide when 20-ev electrons were used are given 
in the last column in Table I. For each of the com- 
pounds studied, a search for effusing species was made 
at several temperatures and electron bombardment 
energies. 

If the ion current ratios in Table I represent the 
ratios of the equilibrium species with the effusion cell, 
it is obvious that among the oxides studied there is a 
change in the vaporization mode from that shown in 
Eq. (1) to that shown in Eq. (2), with increasing 
atomic number of the rare earth metal 


M:03)—2M q)+30,). (2) 


Spurious results would be expected if the observed 
ions did not originate from simple ionization of neutral 
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species, but from dissociative ionization of a parent 
molecule or by ion molecule combination in the ion 
source. In all the cases presented here, ion molecule 
combination is highly improbable because 
concentration of ions and molecules in the 
If the MO* 


ions of higher mass would be present in 


of the low 
ion source. 
ionization, 
appreciable 


ions were due to dissociative 


EE EO 
amounts. This Is not the case. 
The M* ions observed when vaporizing 


Eu.0; could 


Sm,.O; and 
ionization. 
the forma- 
tion of these ions, Sm,O; and Eu.O3; were vaporized 


have derived from dissociative 
In order to determine which process led to 


from ThOs effusion cells containing a small amount of 
SiO». The vaporization thus occurred in an oxidizing 
Under these conditions, the MO* 


atmosphere. ions, 


Taste I. Equilibrium vaporization data at 2000°K. 


Py 


atm 


Puro 
atm 


Puc 9 


Oxide atm) Ty" 


ProOs <1 1078 


5x 1079 


11077 <5X10~° 
5x 10-8 
3x10 


9x 10-9 


Nd.O; 


SmoO 3x10~° 1.0 


Eu.0 7X10-° 8.042 


rather than M?* ions, were the major species observed. 
It follows that the M* ions observed as the major, or 
as an important species under neutral conditions, were 
due principally to simple ionization of the parent M 
atoms in the effusion beam. 

The vaporization of the oxides under neutral condi- 
tions appeared to be stoichiometric. X-ray analyses of 
the oxides after heating indicated that only MO; was 
present at the end of the run. 

In order to determine the approximate equilibrium 
pressures of the vaporizing species, mixtures of the 
oxide and rhodium powder were effused from thoria- 
lined cells. The rhodium provided an internal calibra- 
tion by which the pressure of the species could be 
calculated from 


Py = 


Ix*orn/Trntox) Pru, (3) 


where P, o, and J* are the vapor pressures, electron 
cross sections, and ion currents of the species X and 
rhodium. Iridium vaporizing from the liner in the 
first experiments could not be used for calibration 
because of its low vapor pressure.* The vapor pressures 
of rhodium estimated by Stull and Sinke,‘ and con- 
firmed in this laboratory,’ were used. 

The electron cross sections of rhodium, the rare 
earth metals, and oxygen were taken as 40.6, 73, and 
3.3, respectively, on the basis of the work of Otvos 
and Stevenson.’ It was assumed that the electron cross 
sections of the oxides were equal to the sums of the cross 
sections for the metals and oxygen. The uncertainties 
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included in the extrapolation of the data of Otvos 
and Stevenson and in the assumption that electron 
cross sections are additive could, of course, have led to 
errors as large as a factor of 2 or 3 in the absolute 
pressure data. The values reported in Table I can, 
therefore, only be considered to be approximate. 

It is assumed that the predegassed thoria liners did 
not interfere with these measurements. No condensed 
phase interaction was noted and the equilibrium vapor 
pressure of ThO,,) and ThO.,,) with ThOx;.) was several 
orders of magnitude lower than that of the gaseous 
species of the least volatile of the compounds studied.® 
The ratios of the various species effusing from the 
thoria lined cells were not markedly different from 
those obtained with the iridium cells. 


* This work was supported by Avco Corporation, by the Ad- 
vanced Research Projects Agency and by the Materials Central 
Wright Air Development Division, Wright-Patterson Air Force 
Base, Ohio. 
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2? P. N. Walsh, H. W. Goldstein, and D. White, J. Am. Ceram. 
Soc. 43, 229 (1960). 

3M. B. Panish and L. Reif (to be published). 

4 J. Otvos and D. Stevenson, J. Am. Chem. Soc. 78, 546 (1956). 

5D. R. Stull and G. C. Sinke, Thermodynamic Properties of, 
the Elements (American Chemical Society, Washington, D. C., 
1956). 
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Density Measurements in Reflected 
Shock Waves 


W. C. GARDINER, JR.,* AND G. B. KistIAKOWSKY 


Gibbs Chemical Laboratory, Harvard University, 
Cambridge, Massachusetts 


(Received November 7, 1960) 


HE state of experimental gas behind reflected shock 

waves is usually calculated from the velocity of the 
incident wave using the simple theory of plane shock 
wave reflection. Recent results have indicated, how- 
ever, that the reflected waves may actually be sub- 
stantially weaker than calculated, even in a pure 
monatomic gas.!~* We have carried out a number of 
experiments using the technique of soft x-ray absorp- 
tion to see if the density behind reflected shock waves 
in pure xenon would be significantly lower than cal- 
culated. 

The apparatus described previously* was rebuilt to 
enable shock wave experiments to be done under clean 
vacuum conditions. The shock tube is of 3-in. i.d. steel 
tubing, with a 10-ft driver section and an 11-ft ex- 
pansion section. It can be evacuated to less than 10 
mm Hg and has an outgassing rate of about 1-3 w/hr. 
Shock velocities were measured using platinum resis- 
tance gauges and a raster-sweep oscilloscope. Attenua- 
tion was less than 0.2% in 50 cm. Beryllium slits 1.5 
mm wide define the x-ray beam. The intensity of the 
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Fic. 1. Density measurements. @=incident shocks, 
flected shocks. 


x-ray signal and hence the accuracy of the density 
measurements have been increased. Xenon of greater 
than 99,995% purity (determined mass-spectroscopi- 
cally) was used as the experimental gas. Static calibra- 
tion at densities up to 3.5X10™ g/cc indicated that 
Beer’s Law was obeyed, with an extinction coefficient 
e=746 cc/g. Calibration was extended above 3.510 
g/cc with density measurements in incident shocks. 

Figure 1 summarizes the experimental results on 
incident and reflected shocks. The abscissa is gas dens- 
ity calculated from incident shock velocities, the 
ordinate is gas density measured from oscilloscope 
records! using e=746 cc/g. The densities measured in 
incident shocks show the extent to which Beer’s Law 
is no longer obeyed above 3.5X10™ g/cc. 

Densities were measured in reflected shocks at dis- 
tances of 0.5 to 5 cm from the reflecting plate. The 
calculated reflected shock temperatures were from 
3000 to over 7000°K. Within the experimental ac- 
curacy the densities measured immediately after the 
passage of the reflected shocks agree with those cal- 
culated from incident shock velocities. No correlation 
of the scatter of the points above or below the dashed 
line either with shock strength or with distance from 
the reflecting plate was found. These measurements 
indicate, therefore, that densities immediately behind 
reflected shocks in a monatomic gas are not substan- 
tially different from those calculated from incident 
shock velocities. 

After passage of the reflected shock the density was 
observed to increase in an approximately linear fashion 
as long as the gas remained undisturbed. The rate of 
increase was temperature dependent, approximately 
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doubling over the range of reflected shock tempera- 
tures studied. The upper limit to this range was marked 
by the occurrence, after an induction period, of sudden 
increases in density which we attribute to ionization. 
Sample experimental data: incident shock velocity 688 
m/sec, calculated reflected shock temperature 3500°K, 
calculated reflected shock density 3.4710 g/cc, 
measured reflected shock density at the wave front 
3.42X10 g/cc, measured density after 350 sec 
3.56X 10~ g/cc. These particular data refer to a density 
range where the deviation from Beer’s Law is not 
appreciable and therefore do not have to be corrected 
for this effect. 

The steady increase in density is of course disturbing 
insofar as it confirms that more is involved in the gas 
dynamics of reflected shock propagation than the 
simple theory admits. For chemical kinetic studies in 
reflected shock waves the temperature history of the 
gas is the matter of primary concern, and the signifi- 
cance of the present results in this respect is not cer- 
tain. It might seem a reasonable assumption to say 
that the compression that we observe after the shock 
must be an adiabatic one. If this is so, then the sample 
data above would indicate that the temperature of the 
gas has risen to 3591°K after 350 usec. But the adiaba- 
tic assumption also predicts that the pressure would 
have increased by 7% in this same interval, a value 
which is higher than the results of Skinner? suggest. If 
the pressure increases at the same rate as the density 
(4% in 350 usec) then the compression is isothermal. 
Since Skinner’s experiments were done at lower shock 
strengths than the ones reported here a direct com- 
parison is not possible. It would seem, however, that 
the reflected shock temperature is subject to less varia- 
tion than the adiabatic assumption predicts. 

This work was supported by the Office of Naval 
Research. 

* Present address: Department of Chemistry, The University 
of Texas, Austin, Texas. 
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Entropies of Vaporization of Hydrocarbons 
and the Hildebrand Rule 


R. W. HERMSEN AND J. M. PRAUSNITZ 


Department of Chemical Engineering, University of California, 
Berkeley, California 


(Received November 21, 1960) 
VER 40 years ago Hildebrand' reported the 


observation that the entropies of vaporization of 
nonpolar fluids are essentially equal when comparison 
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is made, not at the same reduced temperature or at 
the same vapor pressure, but rather at the same satur- 
ated vapor volume. In 1939 Hildebrand? reported 
calculations for entropies of vaporization for several 
hydrocarbons and claimed that deviations from the 
Hildebrand rule could be explained in terms of liquid 
structure. When mercury was used as a reference, the 
observed entropies for benzene, n-hexane, n-heptane, 
and cyclohexane were significantly larger than those 
predicted by the Hildebrand rule; the larger entropy 
was believed to be due to additional liquid order in 
excess of that for a simple liquid such as methane. 
Since Hildebrand’s 1939 article, highly accurate 
vapor pressure data for hydrocarbons have been 
published by Rossini and associates’; further, a reliable 
correlation for volumetric properties of gases, re- 
ported by Pitzer and Curl,‘ now makes it possible to 
compute saturated vapor volumes without assuming 
ideal gas behavior as was done by Hildebrand. It 
appeared worthwhile, therefore, to repeat Hildebrand’s 
calculations using more recent information on the 
thermal and volumetric properties of hydrocarbons. 
Table I shows entropies of vaporization for 21 hydro- 
carbons at a saturated vapor volume of 49.5 liter/g 
mole, the volume previously used by Hildebrand. The 
entropies were calculated from the vapor pressure data 
TABLE I. Entropies of vaporization of hydrocarbons at saturated 
vapor volume of 49.5 liter/g mole in cal/g mole, °K.* 


Temp., 


AS 
Substance 


Methane 92 
Ethane 163. 
Propane 
n-Butane 
Isobutane 
n-Pentane 
Isopentane 
Neopentane 
n-Hexane 
Heptane 
n-Octane 
2-Methylheptane 37: 
2,2-Dimethylhexane 361. 
Decane 432. 
n-Eicosane 611. 
Cyclopentane 302. 
Cyclohexane 334. 
Methylcyclohexane 355 
1-Butene 245 
1,3-Butadiene 247. 
Benzene 334. 
Mercury 
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® AS is accurate to +0.1 entropy unit. 

b AS(excess) =AS—AS(methane). 

© See work cited in footnote 2. 
act ording to 

dP/dT=AS/(V— 2), 

where P is the vapor pressure at temperature 7, and 
V and » are, respectively, the saturated vapor and 
liquid volumes. The relationship between P and V is 
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given by 


V=(RT/P)+B, 


where B is the second virial coefficient. 

The vapor pressure data were represented by the 
Antoine equation and the numerical computation was 
performed by an IBM 704 electronic computer. The 
entropies reported in Table I are believed to be ac- 
curate to within +0.1 cal/g mole/deg K. 

Table I also shows the equilibrium temperature 
corresponding to the saturated vapor volume of 49.5 
liter/g mole as well as the “excess” entropy relative 
to that for methane. The column at the extreme right 
shows the earlier results published by Hildebrand? 
which are also given in the monograph by Hildebrand 
and Scott.® 

The new results show significant differences from 
those reported in 1939. First, the entropies reported 
here are all larger than those given previously. Second, 
the “excess” entropies show a completely different 
pattern from that observed earlier. The results in 
Table I show that all normal paraffins from C,; to Coq 
appear to have essentially the same entropy within 
the accuracy now available. However, branched 
TaBte II. Entropies of vaporization of isomeric heptanes at 
saturated vapor volume of 49.5 liter/g mole in cal/g mole, °K* 


AS v, 


Temp., 
K (excess)® cc/g mole 


Substance K AS 





353.3 A —0.1 159 
347. —0.4 154 
I 334.; —0.5 158 
Dimethylpentane 332. —0.7 157 
Dimethylpentane 339. —0.8 153 
),2,3-Trimethylbutane 334. 153 


1-Heptane 
ithylpentane 


Jimethylpentane 


a lll 


’ 


I 
FE 
4 
2 
3 
2 


3 
) 
2 
3 


8 AS is accurate to +0.1 entropy unit. 
b AS (excess) =AS—AS(methane). 


paraffins show negative ‘‘excess” entropies which 
increase with the extent of branching. It is interesting 
that neopentane, which because of its approximately 
spherical shape was thought to be very similar in its 
properties to methane, actually shows one of the largest 
negative ‘‘excess” entropies. 

The effect of branching is brought out even more 
clearly in the results shown in Table II which gives 
entropies for six isomeric heptanes. ‘Excess’ entropies 
are also shown and the last column gives the saturated 
liquid molar volumes. 

Since the Hildebrand rule is a reasonable but essen- 
tially empirical relationship it is difficult to interpret 
the exact meaning of the ‘‘excess” entropies in terms 
of liquid structure. However, the results in Table I 
and especially those in Table II suggest that the free 
volumes of irregularly shaped molecules are larger 
than those for molecules which have a smooth and 
regular shape. 
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Transient Dimer Formation by 
2,5-Diphenyloxazole* 
IsApDORE B. BERLMAN 


Radiological Physics Division, Argonne National Laboratory, 
Argonne, Illinois 


(Received November 16, 1960) 
MISSION spectrograms and measurements of the 


lifetime of solutions of paraxylene and large con- 
centrations of 2,5-diphenyloxazole (PPO) indicate that 
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transient excited dimers are formed according to the 
concept postulated by Forster and Kasper.! The evi- 
dence for this assumption is as follows: 

(1) The shape of the emission spectrum from xylene- 
PPO solutions excited with 3130-A radiation changes 
progressively with increasing concentration of PPO 
as shown in Fig. 1. That these observations were not 
the result of absorption and reemission processes can 
easily be demonstrated by varying the thickness of the 
solution sample at constant concentration. 

(2) Absorption measurements were made using a 
variable light-path cell,? and the results indicate that 
the shape of the absorption spectrum does not change 
with concentration. These observations 
possibility of permanent dimers. 

(3) The measured mean fluorescent lifetime of PPO 
in xylene as measured by the initial slope of the fluores- 
cent lifetime curve remains essentially 2.65+0.10 nsec 
irrespective of the solute concentration. A second and 
longer component makes its appearance and becomes 
progressively more prominent as the solute concentra- 
tion is increased, as shown in Fig. 2. Interposing a 
Wratten 2B series VI filter between the solution and 
the detecting equipment to eliminate the shorter wave- 
lengths of the emission spectrum, results in the elimina- 
tion of the short component of the recorded lifetime 
curve, leaving only the longer component; the mean 
lifetime of which was experimentally determined to be 
14.0+1.5 nsec. The presence of a possible third and 
even longer component in the emission lifetime could 
not be established with the present equipment. 

(4) The effect of viscosity of the solvent on the 
formation of the dimers was investigated by the above 
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1. Relative emission spectra from PPO-xylene solutions under static illumination of 3130-A radiation for the concentrations 
A, 100 g/liter, using a 0.2-mm sample, curve B, and 100 g/liter, heated, curve C. 
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Fic. 2. Semilog plots of the fluorescent lifetime of a PPO-xylene 
solution at cpncentrations of 4 g/liter, curve A, and 100 g/liter, 
curve B. Intensities are arbitrary. 


methods. In aliphatics (methylcyclohexane, paraffin 
oil) and in alcohol (ethyl alcohol) at the same solute 
concentration the results disclose that the larger the 
viscosity the smaller the dimerization. Although the 
same is true also for the aromatics (benzene, toluene, 
xylene, isopropyl biphenyl), for the same concentra- 
tion of PPO and for relatively similar values of the 
viscosity, dimers occur much less readily in the aroma- 
tics. This later result eliminates the possibility that 
an impurity in PPO is the cause of the spectrum shift. 

(5) It is commonly recognized that, generally, cooling 
enhances dimerization whereas heating deactivates the 
dimers.** The same is true in the present experiment. 
Heating a solution of 100 g/liter of PPO in xylene 
dramatically affects the emission spectrum as shown 
by curve C in Fig. 1; whereas heating a solution of 1 
g/liter of PPO in xylene to the same temperature does 
not change the magnitude or shape of the emission 
spectrum. Cooling a solution of 100 g/liter of PPO in 
toluene below room temperature increases the long 
wavelength portion of the spectrum at the expense of 
the shorter wavelengths. 

The apparatus and the experimental procedure have 
been described in an earlier report.> Unless otherwise 
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specified, the experiments were performed at room 
temperature and under nitrogenated conditions. 

In conclusion, our observations have been that in 
each solvent tested the decrease in quantum yield at 
high PPO concentrations is accompanied by the forma- 
tion of transient dimers. Those solvents which exhibit 
the most self-quenching also display the most dimeriza- 
tion. 

The author would like to thank Dr. Arye Weinreb 
and Dr. Harvey A. Schultz for helpful discussions. 


1 T. Forster and K. Kasper, Z. Electrochem. 59, 976 (1955). 

? Research and Industrial Instrument Company, England. 

3P. Pringsheim, Fluorescence and Phosphorescence (Inter- 
science Publishers, Inc., New York, 1949), p. 359. 

4V. L. Levshin, Bull. Acad. Sci. U.S.S.R. Phys. Ser. 20, 362 
(1956). 

5]. Berlman, J. Chem. Phys. 33, 1124 (1960). 


Density versus Chemical Shift in NMR 
Spectra* 


SIDNEY GORDON AND B. P. DamLey 


Department of Chemistry, Columbia University, New York, 
New York 


(Received November 14, 1960) 


ECENT studies of solvent effects in NMR spectra! 

have suggested that the observed chemical shifts 
in nonhydrogen bonded systems should be made up of 
the following contributions: od the contribution due to 
bulk magnetic susceptibility, o@ arising from anisotropy 
in the magnetic susceptibility, ow due to van der Waals 
forces between neighboring molecules, and oF the 
polar effect caused by the perturbation of the electronic 
structure of the molecule by an electric field arising 
from the surrounding molecules. 

The presence of a van der Waals shift should be 
demonstrated clearly by a study of the chemical shift 
of nonpolar moleculesover a range of densities in the gas- 
eous and liquid state. Using a technique of measurement 
suggested by Dr. Akira Okaya, we have studied the 
proton chemical shifts of gaseous methane and ethylene 
as a function of density at room temperature. Pressures 
up to 300 atm were investigated. 

Both gases. were commercial samples (CH, purity 
was 99%; CoH, 99.5%). Samples were prepared by 
condensing known amounts of gas from a vacuum 
line into tubes whose volume-length ratios were ac- 
curately known. After vaporizing at room temperature 
the corresponding gas density could be calculated 
directly. For samples whose pressure was less than 20 
atm, ordinary 5-mm o.d., 3-mm i.d. cylindrical Pyrex 
tubes were used. For higher pressures, 5-mm o.d., 0.5- 
mm i.d. thick-walled capillary Pyrex tubes were used. 
The measurements were made using a Varian high- 
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resolution NMR spectrometer operating at 60 Mc. The 
shifts were measured for the lower pressure samples, by 
the usual sideband technique, using an internal capil- 
lary filled with cyclohexane as a reference. For high 
pressure samples, the measurements were performed 
using a substitution technique and had a mean devia- 
tion of less than 1.5 cycles. 

For both substances, an increase in density produced 
a shift toward lower fields. The data for ethylene (4 
points) and methane (11 points) indicate a linear 
variation of chemical shift with density. 

For both substances the shift to lower field with an 
increase in density is in excess of the value predicted 
from the diamagnetic susceptibility. This suggests the 
existence of a van der Waals shift which has linear 
dependence on density. The derived values of the van 
der Walls shift coefficient are given in Table I, where p 
is the density in g/ml. 


TABLE I. 








van der 
Waals 
(cps) 
shift 


Susc. 
(cps) 


shift 


Exptl. 
(cps) 
shift 


141.1p 
115.0p 
164 .9p 


Substance —XmX 108 





111.89 
84.1 
136 .03p 
84. 1p 


Ethane (1) 26.88 
18.88 
17 .4* 


18.8 


29 .3p 
30.9% 
28 .9p 


Ethylene (1) 
Methane (g) 
Ethylene (g) 


® C. Barter, R. G. Meisenheimer, and D. P. Stevenson, J. Phys. Chem. 64, 
1312 (1969). 


To investigate the dependence of the chemical shift 
on density in the liquid phase, a Varian variable-temper- 
ature probe was used at low temperatures, which were 
obtained by boiling liquid nitrogen from a 25-1 metal 
Dewar. Temperatures could be held constant to better 
than +0.5°C. To measure the chemical shifts of the 
liquid samples, using the sideband technique, a sec- 
ondary reference liquid was required. Acetyl chloride 
(mp of 112°C) was chosen for this purpose. The shift 
of acetyl chloride from gaseous methane was deter- 
mined in a separate series of measurements. Here it was 
assumed that the chemical shift of gaseous methane as 
a function of temperature is negligible. The resulting 
slopes for these liquid-phase measurements are also 
given in Table I. The van der Waals shift coefficients 


TABLE IT. 6 in ppm from gaseous methane. 


Gas at 
zero 
density 


Gas at 
liquid 
density 


Association 


Substance shift 


Liquid (temp.) 





0.908 (—106.1°C) 
1.995 (—76.7°C) 
6.188 (—78.0°C) 


Methane 0 
Ethane 0.750 
Ethylene 5.167 


0.888 
1.998 
6.120 


0.020 
—0.003 
0.068 
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are of similar magnitude to those obtained from the 
gas phase data. The difference in slope for gaseous 
and liquid ethylene is barely outside the experimental 
limits of error. 

The data thus obtained, plus a determination of the 
chemical shift of liquid methane at one temperature 
(—106.1°C) and of gaseous ethane permit a calcula- 
tion of corrected ‘‘association shifts’ using empirical 
slopes to calculate the necessary extrapolation to a 
common density for the two phases. These “‘association 
shifts” are given in Table II. Within their probable 
errors, they are all zero. 

While the above evidence seems to rule out a role for 
any type of molecular interaction which takes place 
only in the liquid state, it is still theoretically possible 
that these molecules are undergoing some type of 
association common to the gas and liquid phase. Meas- 
urements of the chemical shift of methane in solutions 
of methane in xenon, in a series of measurements being 
carried out at the present time, show that the van der 
Waals shift of methane produced by xenon is two or 
three times larger than that of pure methane. This is 
strong evidence for the dependence of chemical shifts 
on van der Waals interactions between molecules. 


* Supported in part by a grant from the National Science 
Foundation and by the Sloan Foundation. 
1A. D. Buckingham, T. Schaefer, and W. G. 


Schneider, J. 
Chem. Phys. 32, 1227 (1960). 


Hyperfine Splittings in the 
(HOOC)C"H(COOH) Radical 


T. CoLe AnD C. HELLER 
Scientific Laboratory, Ford Motor Company, Dearborn, Michigan 


(Received November 10, 1960) 


TUDIES of proton hyperfine structure in the elec- 
tron magnetic resonance (EMR) spectra of the 
radical (HOOC)CH(COOH) have indicated!-* that 
the unpaired electron occupies essentially a 2pz orbital, 
centered on the methylene carbon, as shown in Fig. 
1(A). Further information regarding the radical and its 
unpaired electron wave function can be obtained from 
the hyperfine tensors of C™ in the methylene position 
of the carbon skeleton of the radical. Previous investiga- 
tions using C® in natural abundance (1.1%) have 
shown the maximum value for the hyperfine splitting 
of 210+5 Mc to be along the x axis. Splittings along 
the y and z directions could not be measured due to the 
very low intensity of the C" lines. 
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band 
(two 
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Wric. 1. (A) Cartesian molecular axis system. (B) X 
EMR spectrum of the radicals HOOC—C"H—COOH 
strong lines) and HOOC—C“H—COOH 


We have prepared malonic acid containing 39% C® 
in the methylene position (HOOC—C*"H.—COOH) 
from CH;I (39% C) by conventional methods.® 
Single crystals of malonic acid were grown from ether 
solutions by slow evaporation. Crystals were x-ir- 
radiated and annealed according to the procedure 
described previously.2 EMR spectra were taken at 
room temperature with a conventional X-band spec- 
trometer employing 100-kc field modulation. The 
polarizing magnetic field was continuously controlled 
and monitored by an NMR servo system. 

Spectra were taken every 10° in the x—z and x—y 
quadrants. A typical spectrum is shown in Fig. 1(B). 
The observed C splittings in all the spectra can be 
accounted for by a hyperfine tensor A®, diagonal in 
the x, y, 2 coordinate system of Fig. 1A, and having 
principal values Az:°=212.740.5 Mc, Ay°=22.8+1.5 
Mc, and A,,°=42.2+1 Mc. The isotropic part of the 
hyperfine tensor a@°=4| TrA° | is found to be 92.6+0.7 
Mc. 

The corresponding principal values of the hyperfine 
tensor A® for the methylene proton have been shown? 
to be A,,#=—58+1 Mc,’ Ay#=—91+41 Mc, and 
A,4=—29+1 Mc; a® is equal to —59+1 Mc, and 
indicates a negative electron spin density at the proton. 

Several remarks may be made about the C™ data. 
First, using the value® of 115-10 Mc for a°© in C¥Hs3, 
we obtain the unpaired spin density on the methylene 
carbon, p-=a°(HOOC—C®HCOOH) /a°(C#H3) =0.8 
+0.08. This is in close agreement with the value of 
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pe=0.9 obtained by the semiempirical relationship 
a"=Qp., using Q=—23 gauss. Second, the dipolar 
hyperfine interaction for a C™ nucleus with a 2pr 
electron has been calculated’ to be 64(3 cos*@—1) 
| p-|, where 6 is the angle between the x axis and the 
magnetic field direction. If we take p,=0.8 and a© = +93 
Mc we obtain A,,°=+93+102=+195 Mc, and 4,,°= 
A,,©=+93—51=+42 Mc. On the other hand, for 
a°=—93 Mc, we have A;,°=+9 Mc, and A,,o= 
Ayw° =—144 Mc, respectively. Our data strongly sup- 
ports the positive value of a© and, therefore, a positive 
electron spin density at the carbon nucleus. This 
confirms previous theoretical predictions.?"! 

Finally, we note the asymmetry of the hyperfine 
tensor in the y—z plane. If the 2pm orbital has cylindri- 
cal symmetry about x and the three o bonds are identi- 
cal, we expect A,.9=A,,°. Instead, however, we find 
A,.—A,,°=19 Mc. The three o bonds of course have 
different distributions of spin polarization, due to the 
differing bond lengths and atomic orbitals involved for 
the C—C and C—H bonds. A calculation of A,,°— 
A,,©, assuming a spin density of 0.05 in each of the 
three bonds,’ and using the distributed dipole formulas 
of McConnell and Strathdee,” gives a maximum 
A..&— Ay =0.3 Mc. Even such drastic changes in the 
o structure as assigning the values pe_y =0.05, po_c=0 
give an anisotropy of only 10 Mc. To obtain a 20-Mc 
anisotropy would require the center of gravity of the 
m orbital to be moved ~0.15 A from the C™ nucleus 
along the z direction. It is hoped that a study of the 
hyperfine tensors of the radical (HOOC)CH(C"00H) 
will further elucidate the electronic structure of this 
radical. This work is now in progress. 

We wish to thank C. Bayer of this Laboratory for 
assisting with the preparation of the labeled malonic 
acid. 
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